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"I do not think there is any thrill that can go through the human heart like that felt by the
inventor as he sees some creation of the brain unfolding to success ..."

Nikola Tesla, 1856 - 1943



ABSTRACT

In this thesis we introduce a two-way Doherty amfigaliarchitecture with multiple
feedbacks for digital predistortion based on impeegainverting directional coupler
(transcoupler). The tunable two-way Doherty amgtifivith a tuned circulator-based
impedance inverter is presented. Compact N-way Bplagchitectures that subsume
impedance inverter and offset line functionalityoioutput matching networks are
derived. Comprehensive N-way Doherty amplifier dasand analysis techniques based
on load-pull characterization of active devices anpgedance modulation effects are
developed. These techniques were then appliecetdakign of a two-way Doherty
amplifier and a three-way Doherty amplifier whiclen& manufactured and their
performance measured and compared to the amgéidormance specifications and

simulated results.

Index terms - Power amplifier (PA), Doherty amgifiload-pull measurement,
efficiency enhancement, peak-to-average, impedaratehing, linearity, impedance

modulation.
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Chapter 1

Introduction

1.1 Role of RF Power Amplifiers in Wireless Networks

The radio communication portion of the wirelesswwek is referred to as the air
interface. The geographical area of the wirele$aord coverage is based on a system of
cells which cover geographical locales of varyilmesThey can be as small as a single
floor of a building (as in Pico-cells) or a largea with a radius of several kilometres (as
in Macro-cells). The use of cells is done for thegmse of frequency spectrum reuse,
maximization of number of users, and feasibilitphafdware implementation. To provide
RF coverage for the users within a cell the bagiest needs to provide an appropriate
amount of RF power to its antenna system. Powellitenp (PA) increase the power
available from the radio transmit module, whiclorsthe order of milli-watts, to tens of
watts at the output of the amplifier. These povesels are necessary to overcome losses
in the duplexer and antenna system, and to proemrigh power for communication
with user mobiles within the cell. The PA module=ed to be low cost, efficient, and
spurious emissions free. These requirements asoite extent in conflict with each
other, making the design of power amplifiers foreMss networks presents quite a

challenge.

1.2 RF Power Amplifiers of Interest in this Thesis

This research work is focused on design technifeBAs used in wireless base-
stations. Power amplifier designs based on RF iated circuit technology intended for
implementation in handheld “terminals” that provioigtput power in the mW range, are
not of interest in the thesis. We will focus on mwacell PA designs featuring average
output power of between 20W to 10&\upporting modulated signal peak-to-average

! These power levels are necessary to provide atieqaaerage for macro-cells with radii of up to 80k
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ratios of at least 6.5dB, and providing gains oftd@0dB along with high efficiency at

power back-off, while maintaining a bandwidth ofesst 10%.

1.3 Existing Efficiency Enhancement Techniques for Power
Amplifiers

1.3.1 Single Active Device Power Amplifiers

In a class-A amplifier, the active device is bise such a way that it is in its
active state for all signal power levels (devicenahaction is 360° of the signal cycle).
Class-A amplifiers provide high gain, linear amphtion and maximum theoretical
efficiency of 50% at peak envelope power (PEP), dwev the efficiency decreases
quickly when signal power is backed-off or signakta high peak-to-average ratio PAR
(10% at 10dB PAR) [1].

Class-AB amplifiers have the active device biasedhat the conduction angle of
the device is between 180° and 360°. Class-AB &mplprovides high gain and
maximum PEP efficiency between 50% and 78% depegndinthe biasing conditions.
This configuration is a trade-off between classpdl alass-B.

Class-B amplifiers have the biasing such thatatte/e device conduction angle
is exactly 180° (the device acts like a half-waeetifier). Class-B amplifiers provide
linear gain and have maximum PEP efficiency of 78Phe efficiency of Class-B
amplifiers for signals with high PAR is considerabktter than that of class-A amplifiers
(e.g. 28% versus 5%) [1].

Class-C amplifiers are biased in a manner thatttee device conduction angle
is less than 180°. The maximum PEP efficiencyghéi than 78% however this comes at
the expense of lower gain and gain linearity [1].

To retain the gain and gain linearity but also iove the amplifier efficiency,
several efficiency enhancement methods have beeisede The three most common
ones are briefly described next. The existing waisiof these methods are discussed in

references[2] through [9] given at the end of the present chapter.



1.3.2 Load Impedance Modulation

Given a constant input power an RF amplifier eibibla change in gain,
efficiency, and power delivered depending on tlaellonpedance presented at the output
of the amplifier. For a fixed load impedance thigcegncy of operation will increase with
an increase in output power reaching maximum eificy at peak envelope power. For
lower power signals the efficiency will be low, ardr signals close to amplifier
saturation level the efficiency will be high, prded the output DC supply voltage
remains constant. The increase in load impedanepskgansistor close to saturation as
the output power delivered by the transistor desggedhus maintaining the efficiency of
operation even at power levels significantly lovleat of the device's maximum power
capability. If the load impedance can be adjustgtachically in accordance with input
signal level changes, a high efficiency of operatan be maintained over the dynamic
range of the signal. Doherty amplifier configurasd1], [4 p.290], [10], [11] which are
the subject of this thesis, use impedance modulaticachieve efficiency enhancement.
Doherty power amplifiefscan offer high efficiency of operation over a widmge of
output power levels. Since the output power is iobth by means of combining signals
from multiple active devices, the power requiremfamteach device is decreased, the
heat produced is spread over multiple devices anihtis more easily dissipated. The
high efficiency of operation lowers the DC powensomption and provides a smaller
thermal footprint (which results in a smaller plogdisize for the heatsink). The number
of devices used, and their nominal power (the arhotipower they can provide), gain,
and efficiency, will affect the gain and efficienpgrformance of the resulting Doherty

amplifier.

2 Doherty amplifiers offer high efficiency of opeit by relying on load impedance modulation cagpgbil
that is achieved by means of appropriate combinfrigF signals from two or more amplifiers that are
activated and contribute the output RF power iroet&nce with the amplitude of the input RF signal.
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1.3.3 Drain Voltage Modulation

If the modulation of the load impedance is not gieshen changing the voltage
of the output DC power supply, envelope trackin@)(EL], [4], represents an approach
of maintaining the high efficiency of operation owke dynamic range of the RF signal.
For a fixed load and fixed DC power supply voltathe power dissipated by the
transistor will be high for low power signals besauhe transistor needs to dissipate
power proportional to the difference between tikediDC power supply voltage and the
comparatively low signal voltage. However if thdtage of the power supply is lowered
for low power signals, and increased for the higlver signals, the power dissipation in
the transistor can be minimized and the efficien€yoperation maintained over the
dynamic range of the signal. In order to maintdie pbverall system efficiency the
envelope modulator must be highly efficient.

1.3.4 Constant Envelope Outphasing (Chireix Method)

The constant envelope outphasing method [1],[4] uses two amplifiers that
amplify phase modulated constant envelope sign&Ehy when combined, produce
desired signal amplitude at the output. Becauseanti@idual amplifiers operate under
constant envelope conditions they can be desigmexbérate at maximum efficiency at
all times. This method of obtaining a high effiatgnof operation is sometimes called
linear amplification with non-linear components KIG) because the amplifiers used in
the two branches can be highly non-linear (deepgscl@ or switched-mode power
amplifiers). These amplifiers require tightly caited phasing of the input signals
because the difference in the phase between thdtitteamt amplifier branches will be

converted to information carrying amplitude modialat after the signal combining.

% Combining essentially converts phase modulationg@ant envelope) of individual branches into
amplitude modulation (varying envelope) of the cameld output signal



1.4 Limitations of Existing RF Power Amplifiers

The amplifiers that amplify signals with high petakaverage power ratios (PAR)
will suffer from poor efficiency at average powesvéls. Signals produced by the
complex modulation schemes used in modern wirdlesge such high peak-to-average
power ratios [19]. Envelope tracking amplifiers yade high efficiency mode of
operation for the RF section by modulating the agdt of the power supply, however the
envelope modulator must be capable of handling p@ker and be highly efficient at the
same time, so the challenge of obtaining high iefficy is only shifted from the RF
section to the envelope modulator. The outphasingutation technique requires two
separate Tx chains to carry individually phase-nfatéd input signals to two branch
amplifiers, the output signals from each branchtrbescombined in a reactive combiner
to attain high efficiency of operation. The maisus with the outphasing modulation
technique is the complexity of implementation. Taherty amplifier on the other hand
provides efficiency enhancement with minimal insean complexity. It has proven
itself to be quite robust with respect to tradesaff the design specifications, as well as
with respect to variations in the manufacturingoeiss of the active devices and power
amplifiers themselves.

In the next two sections we will see what aspexdftdhe modulated signals

contribute to high peak-to-average ratios of tigmais in modern telecommunications.

1.4.1 Complex Modulation Signal Properties

Due to high spectral efficiency requirements ofdexm wireless networks
complex modulation schemes need to be used. Thesdased on some form of
guadrature amplitude modulation (QAM). The modolatis digital in the sense that
amplitude levels are discrete and two orthogonaiera at the same frequency are used,
each modulated by an independent set of dataddiesdcthe "I" and "Q" (in-phase carrier
and quadrature carrier). This type of modulatioelds a square constellation (2x2 for
QPSK, 4x4 for 16QAM, 8x8 for 64QAM, and 16x16 fdB6QAM) [13 p.357]. Since
these are amplitude modulated signals they willerahtly exhibit non-zero peak-to-

average ratios.



1.4.2 Peak-to-Average Ratio (PAR) and Signal Statistics

Orthogonal Frequency Division Multiplex (OFDM) s@s [13 p.556] are used in
Long Term Evolution (LTE) and Worldwide Interopeildip for Microwave Access
(WIMAX) wireless communication standards. Wideb&wle Division Multiple Access
(WCDMA) [13 p.769] signals are used in Universal e Telecommunications System
(UMTS) standard. Each one of the above multi-uggrads will combine multiple signals
from Section 1.4.1 into a complex wideband signaiclv will have certain peak to
average ratio [19] and signal statistics associatiéial it (but definitely higher than PARs
of the individual user signals), and the perfornead the amplifier will be heavily
dependent on these parameters. The amplifier nieetie designed for specific PAR
value. Due to the signal statistics most of th@allg energy is contained in the average
amplitude samples (due to relatively frequent ommoe and average amplitude) and in
large amplitude samples (even though large comparaderage amplitude samples, they
have less frequent occurrence). The amplifier néedisve a sufficiently high saturation
power to handle signal peaks without clipping (ol introduces distortions and
contributes to spurious emissions), while maintajnhigh efficiency at average power
levels for overall efficiency performance. Figuredépicts the envelope (1000 samples
long) of a 10MHz wide, 6.5dB PAR LTE signal. Theeegy content for the previously

mentioned signal is shown in Figure 2.
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Figure 1: Calculated envelope of a 10MHz wide 6.5dBAR LTE in time domain (1000 samples)
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Figure 2: Calculated energy content versus samplaxlitude (proportional to how often samples of
certain amplitude occur) of an 10MHz wide, 6.5dB PR LTE signal

1.5 The PA Design Scenario as Observed from the Literature

The Doherty amplifier consists of passive netwdekg. consisting of microstrip
lines and lumped capacitors) and active devices.plssive network components can be
modelled using S-parameters. The highly non-lireedive devices, which are operated
under large-signal conditions, are more difficalitodel. CAD models for the transistors
have been placed in three categories [5, p.9].iBdlysiodels where the detailed device
physics of specific fabrication process is modellequivalent circuit models, where the
device physics is modelled by an interconnectiortiofuit elements. And behavioural
models, where a set of mathematical expressionsn@oessarily related to the device
physics) is fitted to the measured characterisbicshe device. As a power amplifier
designer, one does not have access to the phykitiee cactive devices supplied by

vendors, and what little about the physics of teeick is forthcoming from vendors is



usually incomplete and most likely proprietary. Thest of the above-mentioned options
(but not necessarily the most practical) is thealwedural model. In order to be useful,
behavioural models need to cover a range of biasemge of output powers, a range of
input powers, and must in some way describe thsitbaty of the device to the intended
signal statistics. Devices are regularly comingtbb@ market with major advances in
performance, and not just small improvements. then not possible to simply “tweak”
an existing behavioural model of an existing devitd¢akes a while for a behavioural
model of a specific device to become available.hSuodels take much time to develop,
and so are usually made available by a vendor tirecdevice has been on the market for
some time, by which time the PA designer’s orgdimsawill already have lost the

desired competitive edge!

In an ideal world, one of the above-mentioned n®deould be available in
complete form when it is needed. For the momenpas® this is so. If we have a
complete active device model, then a non-lineawdimanalysis software package such as
AWR [14] or ADS [15] can be used to completely gaala PA. In principle the designer
could carefully define an objective function thathen minimized, provides a PA that
satisfies all the desired specifications. The rnpedr circuit analysis tool, with the
behavioural model of the device included, couldthe linked to numerical optimisation
algorithms and the above objective function miniliz This is unfortunately not yet
feasible in practice since there would be a largenlver of optimisation variables.
However, if a design procedure could be devisethabthe amplifier can be decomposed
into its constituent functional components, suchirasvidual matching networks, that
would make the optimization of these smaller uaitsiuch more feasible procedure. In
the absence of reliable transistor models, the eatmenal design approach calls for use
of load-pull measurements to characterize the aea@vices in order to make the design
decisions. Unless the designers have a load-ptupsat their disposal to perform the
necessary measurements, they will usually havelyoon load-pull data provided by the
device vendor. Vendors will usually provide clasB-AdB (3dB) constant compression
load-pull contours or, in the case of more complisiéa set availability, entire power
sweep load-pull measurement set. From this datéhsetlesigner must extract enough

information to complete the design. Unfortunatelgss-C load-pull characterization is
8



usually unavailable and certain assumptions nedasetmade (about for example input
power split, class-C device gain, input bias, dtt)complete design. Some of the
assumptions that may later cause the design censistssues are:

* The default use of 3dB input splitter implying thithe gain of the class-C

biased peak branch device is equal to that of ldss€AB main branch device.

» Estimating the performance of the class-C biased peanch device based on

class-AB load-pull data.

* Neglecting the effects the input bias of the cl@sdevice will have on its

performance.

* Automatically expecting 6dB back-off from a symnmedt Doherty amplifier

design, etc.
During the conventional design, most time and éfferspent designing the matching
networks based on the impedance selections sombiofi are made based on the above-
mentioned assumptions. In the absence of the adéviee models it is not possible to
entirely predict the performance of the completaxh&ty amplifier, at best an estimate
of the high power performance and the performabhg®aer back-off is available. Some
examples of the conventional design can be fourjdidp [17], [18].

A significant advantage of the design approaclretiged in this thesis is that the
complete characterization of the gain, efficieranyd phase response versus output power
is available for both pulsed CW and modulated dignecitations. In addition, the
performance characterization of the individual desiis available during the design
process. We will show that this allows one to preth a large extent the performance of
the complete amplifier and identify possible soara# performance issues for the
amplifier without sophisticated modelling tools.h@t also computable quantities include
the efficiency performance under modulated sigagime of operation (using a sample-
by-sample approach), the compression levels ofniti@idual transistors in the PA, and
the efficiencies of the individual transistors. #&lis is available without actually building
the PA; whereas the conventional approach will griyvide performance estimates at
only two particular points.

Perhaps more importantly from the design viewp@snthat the new procedure
makes it possible to actually design the PA so that gain is more linear without
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sacrificing much of the efficiency, something that not easy to achieve with the

conventional method.

1.6 Overview of the Thesis

Chapter 2 of the thesis contains a review of ti@ventional Doherty amplifier

configurations and design methods.

Chapter 3 introduces three novel ideas.

* The construction and application of transcouplersDioherty type power
amplifiers is first described. These transcouppeEdorm impedance inversion
and predistortion feedback signal coupling simwdtarsly and thus can be
inserted into the combiners of Doherty amplifierghout disrupting their
functionality. This cannot be achieved with a senddcascaded combination of
an impedance inverter and a directional couplesgtdy used at the output of
conventional Doherty combiners.

« Itis then shown that the use of transcouplers lesahe sampling of the méin
amplifier's output signal prior to its being combahwith the peak amplifier's
output signal, and allows for main amplifier specipredistortion to be
applied.

* Next the use of circulators as impedance inverfenxulators will act as
impedance inverters if their ports are purposefutiismatched) in Doherty
type amplifiers is presented. The conventional guaxave transformer-based
impedance inverters are band-limited and when acgln the physical circuit
they cannot easily be tuned. Circulators on theerotiand are wide band
compared to quarter-wave impedance inverters dandiag circuit terminating

the third port of the circulator can be used tcettiee comparably narrow-band

* We mentioned in Section 1.3.2 that a Doherty diepliconsists of a combination of two or more
amplifiers. In the two-way Doherty amplifier theaee referred to as the main amplifier and the peak
amplifier. More background on conventional formstleése configurations will be provided in Chapter 2
The new compact forms of these Doherty architesttinat are introduced and designed in this thesis a
described in Chapters 4 through 6.
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impedance inverting response of the circulator witts much wider operation
bandwidth.

Chapter 4 is dedicated to the new compact implémtien of main and peak
device matching networks in N-way Doherty amplsienresulting in more compact
Doherty amplifiers. In the conventional Doherty difigr design the output section of
main branch consists of three distinct parts: achiagy network, an offset line, and a
guarter-wave impedance inverter. The output sedidhe peak branch consists of a
cascade of a matching network and an offset liaehEf these constituent sections of
the matching networks of the two branches hasiodtactionality. In this chapter we
will present techniques to combine all the funcaidres of the above described cascades
into a single network for each branch that perfoaththe necessary impedance
transformations needed to convert combining-node snpedances into appropriate
device side impedances, with benefits of incredsediwidth, lower insertion loss, and a
smaller circuit footprint. These compact desigruslitate expansion of two-way Doherty
designs into N-way Doherty designs in a systenfashion. There are many ways to
extend the two-way Doherty amplifier configuratioto an N-way Doherty architecture,
until now insufficient attention appears to havergaid to determining which is the best
one as far as the resulting performance is condelffe will show through analysis in
Chapter 4 which configuration is the superior foé#iers. In this chapter we will
demonstrate, both in simulation and experimentakyformance of compact two-way
and three-way Doherty amplifiers designed usingine design methods that will be the
subject of Chapter 5 and Chapter 6.

Chapter 5 develops new Doherty amplifier desighnéues based on transistor
characterization data obtained through load-puthsneement techniques and load
impedance modulation at the combining node(s) ®Dbherty amplifier. The synthesis
of all relevant circuit parameters for main andkpeatput and input matching networks,
power splitters, node matching network as well@spete determination of transistor
biasing conditions will be covered in detail, freheoretical calculations to actual circuit
implementation. We will cover fixed-input-power gfboherty designs, and controlled-

main-device-compression designs for two-way aneetfway Doherty amplifiers. A
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greatly improved design procedure for N-way Dohartyplifiers has been developed. It
is novel in the sense that it uses accurate clearzation of the constituent active devices
by means of vector load-pull measurements, it plewia consistent set of design
requirements, and it generates representative &vgaer models for all functional blocks
of the amplifier architecture subject to performaspecification and Doherty
architecture related constraints. This allows desigo focus on the architecture
performance optimization (amplifier can be desigledally by a few clicks of a

mouse). Once the amplifier has been optimized tiir@unumber of quick design

iterations, only then the designer proceeds toemgeint the actual amplifier circuit.

In Chapter 6 the circuit analysis techniques\ar-tvay and three-way Doherty
amplifiers will be described allowing for full cheaterization of the amplifier
performance based on microwave circuit theory &edievice load-pull data. The circuit
analysis yields AM-AM and AM-PN] and efficiency response, as well as amplifier
frequency response thus providing the designer adéquate amount of information to
assess the amplifier's performance with a highetegf certainty without necessity of
building physical prototypes. An accompanying newvaly Doherty analysis technique
that allows for complete performance analysis ofi&+ Doherty amplifiers (‘complete’
being the key word) has been presented. It usesatgvice load-pull data and S-
parameters representation of the passive paredrttplifier network to simulate the
performance of the amplifier without the need t@liement circuitry. This allows the
designer to explore interaction of various paranseieat influence the performance of
the amplifier and to find the best combination thaits the performance specifications
the best.

Finally, Chapter 7 summarises the contributionghid thesis to the design of
Doherty power amplifiers. These are drawn fromrttegerial in Chapters 3, 4, 5, and

6. Some ideas and suggestions for future work erstifbject are also provided.

®> AM-AM is the amplifier gain response versus outpatver. AM-PM is the amplifier phase response
versus output power.
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Chapter 2

2 Conventional Doherty-Type Power Amplifier
concepts and Design Methods

2.1 Introductory Remarks

The goal of this chapter is to clearly convey $t@e-of-the-art in Doherty-type
PA configurations and design methods, properly sanma the limitations of such
conventional design methods, and therf listwhat way the research described in this

thesis contributes to the overcoming of some oe¢Henitations.

In Section 2.2 we will describe the load impedammalulation effect and its application

as a PA efficiency enhancement mechanism.
Section 2.3 covers basic ideas behind two-way Dglaechitectures.

In Section 2.4 N-way Doherty architecture is ddsmli along with its benefits and

challenges.
Section 2.5 will address input signal conditioningwo-way Doherty amplifiers.

In Section 2.6 we will talk about the active deviemuirements when it comes to

designing Doherty amplifiers.

Section 2.7 summarizes conventional PA design nasthacluding their limitations.

2.2 The Need for, and Mechanism of, Load Impedance
Modulation

The efficiency of operation of the active devineai power amplifier is a function

of the output signal power level. The closer tlgnal output power level is to the device

® The details of which will be described in depttsitbsequent chapters.
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saturation levels the more efficient is the actdevice operation. The active device
saturation level is determined by, among otherpatars, the voltage of the DC power
supply connected to the output terminal of the vactdevice (collector or drain,
depending on the device type) and by the load irapee presented to the device. Now if
the DC power supply voltage and other parameteitaeimcing the device saturation
power level are fixed, the saturation power le\asid associated device efficiency of
operation) can be controlled by the change of dlael impedance. An ability to modulate
the load impedance in such a way that the devikepsclose to its saturation state for all
output signal power levels would yield an amplifigrat could operate with high
efficiency almost independently of the output sigmawer levels.

The circuit in Figure 3 depicts two current sogrdeeding a single load at a
common node. The current through the load is efguéle sum of the currents from each
of the current sources. When both current sourcesuaned on the load current is given

by I, =1, +1, and the voltage across the load\by z (1, +1,). The impedances seen

by current sources, and |, are thus

and

respectively. This means that the load impedaneer bg sourcd, can be modulated by
changing the current from the sourte. Namely if we increase, the load impedance
Z , seen by source, will increase and if we decrease the load impedanc& , seen

by sourcel, will decrease.

Vv
Iy QZL P

Figure 3: Two current sources feeding a common load
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If we insert an impedance inverter with a charastierimpedanceZ, into the I,
branch (Figure 4) we will get the inverse relati®tween!, and impedance seen by the
sourcel,. That is, if we increas¢, the impedance seen by sourgewill decrease and
if we decreasd, the impedance seen by sourgewill increase. On the node side of the
impedance inverter, the load impedance seen bguirent source, branch is given by

Ve VI,
[

ZL

L
There is an increase in this impedance with aneas® inl,. However, on the source

side of the impedance invertare have the relationship

which reveals that the load impedance seen by sdyrwill decrease with an increase in

currentl .

Impedancel

T 1
IV
Inverter I
I
l Z 2

Figure 4: Inverting the dependence of impedance sedy the current source |, on the current from

source |,

2.3 Two-Way Doherty Amplifier Architectures

2.3.1 Basic Ildeas

The inverse impedance behaviour described in @e&@i2 can be exploited to
make high power amplifiers operate more efficienflynplifiers are most efficient when
they operate close to the maximum instantaneoysubgower they were designed for.
The efficiency of the amplifier decreases signifita as the output power level is

" Assuming Z, quarter-wave transformer impedance inverter isluse
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backed-off from the maximum level. This makes afrggliefficiency a function of output
power level. For a given output power level (sigrhtly lower than the maximum),
everything else being equal, an amplifier will berm efficient if the load impedance
seen by the amplifier is high in effect loweringe tamplifier power saturation level.
However, keeping the load impedance high when auyipwer levels increase will make
the amplifier saturate at a lower output power llgkian that for which it was originally
designed. When the amplifier operates in a lowavgyoregime the load impedance is
increased to improve the efficiency and when angplibperates in a higher power
regime the load impedance is decreased in ordavda saturation. In other words the
load impedance needs to be made higher when tipaitosignal power is low and needs
to be made lower when the output signal powergé .hThis load impedance modulation
as a function of the signal power level is achielbgdhe Doherty amplifier architecture
shown in Figure 5 [20], [21], [22], in a similar m@er to that of the circuit shown in

Figure 4. The roles of current sourcesand I, from Figure 4 are taken by the main

amplifier and the peak amplifier, respectively. tlre low power regime, the peak
amplifier is inactive and the main amplifier seeghhload impedance which results in
better efficiency at low power levels. In the higbwer regime, the peak amplifier is
active and the main amplifier sees the lower loagadance as the result of load pulling
effect which prevents saturation at high power levéigure 5 shows constituent parts of

a fixed-input-power split Doherty amplifier with &, quarter-wave transformer
connecting the outputs of the main and peak arepiifacting as an impedance inverter,
and a zo/ﬁ quarter-wave transformer acting as a node tramsforto provide

appropriate node impedancg,(2 in this case).
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Figure 5: Conventional Two-Way Doherty Amplifier Ar chitecture

For an amplifier to be broadband each of the ¢mmestt components shown in
Figure 5 needs to be broadband. Since an impedawesder is a constituent part of the
Doherty architecture, its bandwidth will limit treverall bandwidth of the amplifier. In
the current state of the art the impedance inversidDoherty amplifier architectures is
implemented using a quarter-wave transfofiners in fact indicated in Figure 5.
Impedance inversion using a quarter-wave transfolisi@ccomplished by destructive
combining of the reflected waves at the input sae constructive combining of
transmitted waves at the output side of the impeelanverter. This works perfectly at
the center frequency, but for signals that sigaifity deviate from the center frequency
the combining becomes less perfect and the impedameersion properties of the
transformer degrade (thus limiting the bandwidthoperation). Changing either the
characteristic impedance or the length of the franger cannot be done dynamically.

Figure 6 shows a more detailed block diagram afravzentional two-way Doherty
amplifier. The main amplifier branch actually casisi of a cascade of a main input
matching network (IMN), a main amplifier active des/ (e.g. transistor), a main output
matching network (OMN), a main offset line, andumder-wave transformer that acts as
an impedance inverter. The peak amplifier branaisists of a cascade of a peak input
matching network, a peak amplifier active devicpgak output matching network, and a
peak offset line. Output signals from the main pedk amplifier branches are combined

at the node where main and peak branches meetthancesulting combined signal is

8 The impedance inversion bandwidth of a quarteramaansformer is usually assumed to be 10%
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delivered to the load through a network consistihg cascade of an output quarter-wave

transformer Z,, and an interconnecting transmission line of charéstic impedance

numerically equal to the load impedante.

In the case of the typical implementation of B@herty amplifier in Figure 6, for
a particular signal frequency (or one or more palér ranges of signal frequencies), the
main and peak input matching networks perform inapeé transformation to convert
from the relatively high system impedance levelu@lly 5d) presented to the input of
the amplifier down to the relatively low impedantevels (e.g. ) suitable for
appropriate power transfer to (that is, appropriexeitation of) the main and peak
amplifier devices. Similarly, the main and peakpattmatching networks perform an
impedance transformation to convert from the reddyi low impedance levels of the
main and peak amplifier devices back to the reddyivnigh system impedance levels to
achieve appropriate power extraction (that is, eshiappropriate power delivery) from
the devices. Note that, in general, the impedamseld associated with the main
amplifier branch may be different from the corrasfing impedance levels associated
with the peak amplifier branch.

Main and peak offset lines provide appropriatpeaance transformations at low
power levels, increasing the efficiency of openmatfor the main branch and providing
high loading impedance for the peak branch whenpthak device is in its off-state, to
minimize the loading on the main branch. The quasave transformer in the main
branch performs impedance inversion. For exampleafparticular design, the quarter-

wave transformer performs impedance inversion wtpower levels fromZ,/2 to 2Z,

and at high power level fronZ, to Z,. The output quarter-wave transformer performs
another impedance transformation to ensure thatot impedanceZ, is transformed
into the appropriate node impedance (which in ¢aise would beZ;/2). The main and

peak input impedance matching networks are impléadeto enable proper RF power
delivery to main and peak amplifier devices respebt.

Doherty amplifier is a specific type of amplifielittva capability to provide enhanced
efficiency performance for signals that have higtalpto-average ratios. The Doherty

amplifier consists of two or more parallel branclexh of which contains an active
20



device with a progressively lower bias (class-ABRss-B, class-C of various depths).
The active device in the branch that is biasedasscAB is referred to as Main or Carrier
device. The devices in remaining branches arec&bak devices and are class-C biased
to various extents. A class-AB bias for the mairphifier device is selected to improve
gain linearity, mostly to avoid undesired gain exgian on the main device. A class-C
bias for the peak device is selected to increaBeieefcy (no quiescent current) and to
"delay" peak device conduction onset so it doestoot on before the main device
reaches saturation at average power level.

Figure 7 shows a generic microstrip implementatioha conventional two-way
Doherty amplifier.

Main Device
M Main offset line
P, IMN OMN
ain ain
Impedance
Invertel
Peak Device
Pi: [ IMN ] [ SF?MN ]
¢ eak eak
Peak offset line /1/4

Output transformer
(sets node impedance)

Figure 6: Conventional two-way Doherty amplifier

° Throughout this and succeeding chapters we widr®, and show diagrams of, "generic microstniplementations” of different
amplifier configurations. By this we mean that thi®ws only roughly what a possible implementaiiomicrostrip might look like,
but that details are not shown. In later sectiditb® thesis when we discuss the performance afvieme implementations or certain
Doherty amplifiers we will not only discuss suchggc implementations but the actual specific ones.
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Figure 7: Generic microstrip implementation of a caventional two-way Doherty amplifier

2.3.2 Symmetric Two-Way Doherty Amplifier

Two-way Doherty amplifiers consist of two amplifieranches, the main (carrier)
amplifier and one peak amplifier. The symmetric &figp has identical devices used in
its main and peak amplifiers. The symmetry is tfld in the fact that at maximum
power both main and peak devices deliver the sameuat of output power (thus the
maximum output of the Doherty amplifier is 3dB hegithan the maximum power that
can be provided by either one of its individual ides). The load impedance presented to
the main device for low output signal power levisigwice that of the load impedance
presented to the main device at maximum output péevel. Since the load impedance
for low power level output signals is twice thatthe maximum power, the saturation
power level for the main device in the low poweginee is approximately half of its
maximum power. In the efficiency cu¥efor the two-way Doherty amplifier there are
two distinct efficiency peaks: the first one is gkad when the main device reaches
saturation while being loaded with high load impsekaof the low power regime (at half

of the maximum power handling of the device), dmel second one is reached when both

2 The example of an efficiency curve (i.e. Dohemtypéifier efficiency plotted versus output power) is
shown in Figure 11 of section 2.7
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main and peak device reach saturation at nomirzal Impedance (high power regime).
In the case of ideally symmetric two-way Dohertye tspacing between two efficiency
peaks is 6dB. In practice however this back-offl Wiépend on several factors. When
implemented with physical devices, in the case wbeth main and peak device are set
to provide the same amount of maximum output potter,high efficiency power back-
off of the Doherty amplifier is 3dB higher than thewer back-off the main transistor has
between its high power point and high efficiencynpon the load-pull contours. The
actual devices usually do not have 3dB spacing @&twmaximum power point and
maximum efficiency point (i.e. 2:1 load modulatidoes not produce 3dB power back-
off) which needs to be remedied by implementinglloedulation ratios higher than 2:1.
As stated previously, a well designed symmetrich®ty amplifier should
provide a high efficiency at power back-off of ao® 6dB, however the signals used in
wireless communications usually have Peak-to-Averagjos that are mostly higher than
6dB [36] (even with crest reduction measures afpliend the symmetric Doherty
amplifier will have high efficiency performance grdt nominal power of the modulated
signal (i.e. highest average power of the modulaigtal for which the amplifier is
designed) with no ability to provide high efficignperformance at lower signal average

power. To remedy this problem, asymmetric Dohentpkiers need to be employed.

2.3.3 Asymmetric Two-Way Doherty Amplifier

An asymmetric amplifier employs devices differemtsize, with smaller device
used in its main and a larger device in its peagldi@r. The high efficiency power back-
off is equal to the ratio of the combined maximuuatpaut power from booth devices and
the output power level at which main device saggathen operating in high impedance
mode. For example, if the peak device is twice dize of the main device, when both
devices are at maximum, the output power will bre¢htimes that of the maximum main
device power, and if the Doherty combining netwddad impedance modulation
capabilities are such that main device goes intoragon at one third of its maximum
power (while the peak device is in the off-stategrt the high efficiency power back-off

will be equal to a factor of 9 or 9.54dB. If we asge that the maximum efficiency is
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equal to that of the symmetrical amplifier we cae shat the amplifier will retain high
efficiency of operation even if the signal with 8dB lower power (but with the same
Peak-to-Average Ratio) is applied to it (this waluse the decrease in efficiency in a
symmetric amplifier).

Even though we can increase the high efficiencywgroback-off by means of
asymmetric design there are some drawbacks assdondth its use. All other things
being equal, devices with higher power handlingatépy are less efficient that their
smaller counterparts. The consequence of thissisaly in the efficiency curvebetween
two efficiency peaks (main device high impedancwrséion and maximum output
power point). To avoid the sag in the efficiencyway and to provide high power while

using smaller devices, N-way Doherty is used.

" The example of an efficiency curve (i.e. Dohemtypéifier efficiency plotted versus output power) is
shown in Figure 11 of section 2.7
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2.4 N-Way Doherty Amplifier

N-way Doherty amplifiers consist of one main arfigti and multiple peak
amplifiers connected through an impedance modgaéind output signal combining
network. The task of this network is to combinensig from all branches in phase so that
maximum output power is obtained from the outpuv@s available from the individual
branches, and to present a decreasing load impedarall active devices whenever the
output power increases (in order to maintain dev&e close to saturation as possible).
N-way Doherty amplifiers are discussed in this ihelut we will discuss any detailed
background on the conventional forms of these goméitions on a “just in time” basis

when it is needed in Chapter 4.

2.5 Input Signal Conditioning

Input conditioning refers to the control over dtyde and phase of the input
signals to each branch of the Doherty amplifiere Tiked-input conditioning implies that
the amplitude ratio of input signals and their ghaslationship are adjusted for one
power level at a single frequency (e.g. by meana bardware RF splitter and an input
phase offset line). There is no ability to make adjustments to the input signal if the
power levels or signal frequency range changes.

Up to this point we have concentrated on the perémce of the Doherty
combiner. In a basic Doherty design the input diggvaimply split between the branches
and the phase of the two signals adjusted (by @pattely sizing the lengths of the input
transmission lines to each of the branches) inramachieve in-phase combining of the
output signals of the branches. This type of sigitedse equalization only works at a
single power level because the active device walVenh different phase delay under
different biasing conditions, and to minimize thewer losses, the phases are usually
equalized at the highest power levels. In a “digioherty power amplifier design [23],
[24] (Figure 9) each branch has a dedicated tran@R) chain so that the input signals
can be independently adjusted to accommodate idevagies of the devices under
various biasing conditions. The signal phase imdaanch can be adjusted at all power
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levels for optimal combining at the output. Alsdetsignals can be pre-distorted

independently to correct better for distortiongath branch.

Undistorted

Input

¢ kP [®

Signal Main Amplifier  \1ain offse

Predistorte ) Impedance
Input Signal ~ RENL power Invertel A4 Feedback
Digital ° Tx Chain ® Spli Z Coupler
gra’ plitter Peak Amplifier Z, 0
Predistortior /4 -0 A / 4 ZANT 7
Block / ANT
(1_k)PIN B E—
L) Combined Z, Peak offse |_> Z,
Output Signa Input offset Nod z 7 T I
h ode 0
dis\tlgrttr:ons Digital Impedance [y Output To Digital
Predistortior Transformer

Predistortion Rx

Feedback R

Figure 8 Conventional fixed-input-split two-way Doterty amplifier with digital predistortion
feedback loop

The impedance modulation raffoN is the ratio of the main amplifier branch
loading impedances at high power operation (wheh bwin and peak amplifiers deliver
maximum power to the load) to that of high effiagroperation (when the main
amplifier operates at power back-off with high ei#fncy and peak amplifier branch is

inactive). N can be calculated as the ratio of Doherty pealelepe power to main

PDOH PM + PP
amplifier peak envelope power or in mathematicahteN = E’M =-r o P..The
P P

power back-off of a given Doherty amplifier canribee calculated using the expression

20logN which for a symmetric two-way Doherty amplifier wid translate to 6dB

(20log 2= 6). For an asymmetric Doherty amplifier with the baaplifier delivering
twice the power of the main amplifieéN = 3) the power back-off is 9.54dB
(20log3= 9.54

121t will be shown in Chapter 3 that the transcoupfencepts developed there substantially improkes t
situation.

13|n later chapters we will be referring to variompedance modulation ratios such as: combining node
impedance modulation ratil , ., , main device impedance combining rafiy, , etc

! Note that these expressions are for the entireeRplamplifier hence20logN
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The main output matching network transforms impee&Z, to a load impedance
to which the main device can deliver maximum powvrattaching aZ, offset line to

the output of the main matching network and adpgstis length, the suitable

transformation of a load impedance (e2g,for symmetric two-way Doherty amplifier)

into the load impedance with which main device apes with high efficiency at power
back-off is achieved.

The peak output matching network transforms imped&, to a load impedance
to which the peak device can deliver maximum poBgrattaching aZ, offset line to

the output of the peak matching network and adjgsts length the transformation of an
off-state peak device impedance into a high impeeasachieved.

Input signal splitting needs to ensure that pibedroutput power levels for each
branch are achieved taking into account the gagaoh branch.

The phase equalization between branches is pegtbtmensure that signals from
the two branches combine in-phase at the combimialg (to increase efficiency and to
provide proper load impedance modulation that s$eeal for optimal operation of

Doherty amplifiers).

The digital predistortion (DPD) represents the nseaf linearizing the nonlinear
behaviour of amplifiers. The linearization is aci@d by distorting the input signal in the
manner opposite to that of the amplifier (where kfiep compresses the signal the
predistorter expands it, and vice versa). The gtedion relies on the knowledge of the
amplifier behaviour (calibration or feedback) tarest the distortion introduced by the
amplifier. The current state of the art samplesalneady combined signal from the
output of the Doherty combiner and sends it badkéopredistortion module where the
distorted signal is compared to its undistortecioer, the distortions are assessed and
correction applied to the incoming signal. The @igboherty allows for individual
predistortion of main and peak devices and trangdeowircuit (discussed in the next
chapter) allows for sampling of individual signal$ie benefits are better predistortion
and better control over AM-PM behaviour. The c@stsadditional hardware and

processing.
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Figure 9: Digital Doherty Power Amplifier Architecture

2.6 Active Device Requirements

2.6.1 Introduction

Devices must exhibit properties that make thenfulise the design of Doherty
amplifiers. Each device will have certain set obpgmrties that make it suitable or non-
suitable for Doherty architecture design. The deyooperties are mainly assessed from

the device load-pull contours.

2.6.2 Main Device selection considerations

The main device efficiency determines the maximefficiency that can be
achieved in the Doherty amplifier at power back{o&. when the main device goes into
saturation in the high load impedance regime ard pgbak device is inactive). It is
desirable that the gain of the main device incredsem the point of the maximum
deliverable power toward the point of the maximuificiency (this will help offset gain

drop due to input signal split). The power back-@df the given load impedance
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modulation ratioN for the main device should HElogN (i.e. 3dB for N=2, and

4.77dB for N = 3)™.

2.6.3 Peak Device selection Considerations

Peak device off state impedance should be suc¢httban be easily converted to
high impedance by means of offset lines. The poaep up of the peak device needs to
be such that the main device load impedance isepippnodulated (this may need to
adjusted through the input signal conditioning)eTdevice gain in class-C should be as
high as possible. AM-PM curve should be of simdhape to that of the main device (if a

different peak device is used for example in amasgtric Doherty)

2.7 Existing Design Methods for Conventional Doherty Power
Amplifiers as Perceived from the Available Literature

This section is in a way a continuation of whas lafready been said in Section
1.5. It is important to remark here by that by dagirocedure we do not merely mean an
analysis method. Much has been written about aisallyst much less has been published
on complete design procedures. By complete we roaarthat will allow us to take the
performance requirements and come up with an amapliiat, when constructed, will
work as intended without much further interventanthe part of the designer.

There are some methods (albeit not complete osesjliabe noted below) that have
been described in books [25 pp.466-489], journ2@g,[[27], and conferences [28]. One
approach uses the various I-V curves of the adexace instead of load-pull data. If one
has a complete set of such data that is fully mepr&tive of the device’s dynamic
behaviour at microwave frequencies as can be dadafrom load-pull data then this
approach would be fine. But this is usually not tiase. Device vendors do not provide
such data, and so designers would need to acquiteeimselves. Examples of this
approach use (e.g. [25], [26]) are all applied aoav Ipower (typically 1W) devices.

!> Note that these expressions are for the main deoiity, henclOlogN expression is used
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Measured efficiencies are significantly lower thamedicted, but this is not commented
on in the associated literature. This is a serimoigation.

Far better are those methods based on load-pialfdathe active device rather
than I-V curves. The first step in such proceduseto obtain the design data for the
active device when it is operated in class-AB, gdiwad-pull techniques. This data is
presented as a set of constant compression confeigrs1dB, or 3dB). If a load-pull
measurement set-up is available a designer woulgirola sample of the active device
and measure the necessary load-pull data. Alteeigtioad-pull data can be obtained
from the vendor, usually as a text file in the foofna class-AB power sweep, or in the
form of the constant compression load-pull contodtso used are the class-C off-state
impedances, which is a single point of data at ediche frequencies of interest; existing
design procedures do not appear to use load-ptalfdaclass-C operation of the device.
There are several reasons why this might be sooutd be because vendors do not
provide class-C load-pull data, which might meaat tbuch vendors do not think it is
necessary and so do not measure it, or they haldepns measuring it (of a technical
nature, or otherwise), or simply because no omegsesting i®. The class-AB load-pull
data is used to extract the following impedancees

* Z,» - The high power load impedance of the active eused in the design of
the main amplifier.
* Z,c - The high efficiency load impedance of the actiexice used in the design

of the main amplifier.
The single value related to class-C operation is
* Z., - The high power load impedance of the active ckevised in the design of
the peak amplifier.
Off-sate output impedance measurement

Z+ - The off-state output impedance of the activeickeused in the design of

the peak amplifier.

'8 We will show in Chapters 5 and 6 that class-C {pati data can be used to arrive at complete design
procedures.
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The next step in the existing load-pull based degigbcedure is the assumption that

Zyp = Zpp . This will only be true if the maximum power leseind gain of the main and

peak amplifiers are the same, which is in factthetcase in practice due to different bias
of the main and peak devices (class-AB for the farand class-C for the latter). It is

necessary to make this assumption if, as previomsntioned, load-pull data for the

active device is not available for class-C opergtia spite of the fact that it is the bias
with which the peak amplifier device of a Doherip@ifier operates. Once the above
impedances are known it is possible to design #mssige matching networks. At this

stage the conventional design procedure is complete

When a PA designed via this procedure is congtdueind tested it is usually
found to not satisfy the performance specificatiomse example of this is in [26]) to
which it was supposed to have been designed. Tasomeis that the assumptions
involved in the design are not self-consistenta assult the active devices end up being
used in states that do not satisfy the assumptiade during the design process (and in
which the designer never intended them to operMekh adjustment on the bench is
thus required. The problem is that at that stage lwas limited insight as to what is
actually wrong with the design and limited meansdamedy the issue. Eventually one
may end up with a PA that “works” but is not optlnmaany sense.

The conventional design procedure ties down justgoints on the efficiency and
gain curves versus output power curve in FigureTh@. hope is that these points are
actually achieved. However, this will only be s¢hé& assumptions on which the design
procedure was based are approximately fulfilledhe@wise even these two points may

miss the prediction targets. The first data paantthe Doherty amplifier efficiency in

Figure 10 is at 6dB output power back-gff.,, =/7mam{ZME} . The second efficiency data

point is for the maximum output POWEEe, = /7win{ Zue} =/ { Zee} (the device

performance is assumed to be the same for both angipeak device). The first data

point for the Doherty amplifier gain in Figure 19at 6dB output power back-off
Goon =Guuin{ Zue} —3dB (for the input split of 3dB). The second gain datént is for

the maximum output poweB,.,, = Gun{ Zue} = Gre{ Zep} (the device performance is
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assumed to be the same for both main and peake)etdowever, main and peak devices

will not have the same performance thus the priediatill be inaccurate.

The Lines are the Responses Doherty Efficiency

Intrinsically Assumed When _— Doherty Gain

Applying the Conventional

G [dB] A Design Procedure i Main Gain

Pour [dBm]

Figure 10 Conventional approach Doherty amplifier grformance predictions

It is assumed that the signals entering the coimgpinode are in-phase, and (for
the symmetric design) that they are equal in mageitout the designer cannot do much
to make that true. The procedure does not tell igt walue of input bias to use for the
peak device.

Using the procedure, the designer does not knowatwhe optimal source

impedance valu&Zg for the peak device is, thus it is not possiblelésign the optimal

input matching network for the peak amplifier. Besa is not known what the gain
profile of the peak device it is not known what #gpropriate input power split is, and so
the designer has to make further assumptions. Topeasate for the lack of the
characterization of the peak device under class&Sirg conditions designer's only
choice is to implicitly assume that it is the saasethat of the device used in the main
amplifier even though in the latter operates ins&€lAB mode and under completely
different compression conditions.

The conventional design procedure can be deschibabinost Churchillian terms

as being too little design, based on too many apsans, using too little data. It appears
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to have been used since about 2004, when the Qoaeshitecture had a resurgehce
Prior to that classical class-AB power amplifieegltbeen used for wireless base-stations.
A complete and practical design procedure is desdrin Chapter 5 of this thesis, and an
accompanying analysis procedure is described impt&ha& that allows one to reliably
predict the actual performance indicators of theigieed amplifier that one can be
assured will be closely achieved when the amplifiesign is actually constructed. We
can contrast the prediction from the conventioresdigh approach depicted in Figure 10
to that of the proposed approach in this thesisctigh in Figure 11 and conclude that
much more reliable performance predictions can bé&ioed using the proposed

approach.

Doherty Perfomance Trade-off Linearity vs Efficiency (Peak Device Vgs=1.3V)
——APin=1.86dB_Gain -=— APin=0.00dB_Gain APin=1.86dB_Eff APin=0.00dB_Eff ‘
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Figure 11 Proposed approach Doherty amplifier perfomance predictions

Y The basic idea having been invented by WillianDidherty (1907 — 2000) at the Bell Telephone
Laboratories in 1936 for use with vacuum tube desic
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2.8 Conclusions

This chapter has introduced the concept of impeslanodulation, and showed
how it is used in conventional Doherty amplifieclatectures. The essence of existing
design procedures was described and their limratjpointed out. Ways in which the
contributions of the present thesis overcome thigstations have been described earlier

in Section 1.6.
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Chapter 3

3 Improvements to standard Two-Way Doherty
Amplifiers

3.1 Introduction

The conventional two-way Doherty amplifier congasn impedance inverter that
is implemented using a quarter-wave transformethis chapter we will introduce two
separate improvements to the impedance invert@ageht by adding extra functionality

to its impedance inversion capability, or makintuitable over frequency.

The component we refer to as a transcoupler ismabmation of a directional
coupler and a quarter-wave impedance invertertredaced in Section 3.2. It provides
impedance inversion for impedance modulation fumetlity of the two-way Doherty
amplifier and it simultaneously provides the feedbdor the digital base-band

predistortion algorithms.

Quarter-wave impedance inverters are band litfitetle to their physical
properties, namely that impedance inversion dependsultiple reflection cancellations
which can only be achieved for certain physicagtee and characteristic impedances of
the transformer. In Section 3.3 a circulator witk third port terminated in a tuning

circuit that can be used as a tunable impedaneetenis introduced.

18 Usually 10% bandwidth is assumed
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3.2 Transcoupler

3.2.1 Introduction

A transcoupler is a combination of an impedaneasformer and a directional
coupler. The combination of these two functionasitis achieved by designing an
appropriately mismatched quarter-wave long direetiocoupler that simultaneously
provides impedance inversion (due to quarter-wangth and impedance mismatch) and
appropriate amount of coupling necessary to providedback signal for digital
predistortion purposes. In the conventional apgro#itese two functionalities are
implemented by cascading a quarter-wave transfoandra directional coupler which
takes additional space and increases the insdassn(due to longer path of the cascaded
components). Specifically, cascading of an impedaneerter and a directional coupler
in Doherty amplifiers limits the sampling locatiaif the signal to the output of the
Doherty combiner where the signal is already combiand individual distortions from
the main and peak amplifiers sections cannot bindisshed. To correct the distortions
originating from the main and peak amplifiers sepely, the signals from each section
must be sampled prior to combining. Since the neamplifier branch contains an
impedance inverter preceded by an offset line, Wwhace precisely sized to satisfy
specific characteristics of the device load-pulhtowirs, inserting a directional coupler
into the structure to sample the main signal ist neximpossible. However, using a
transcoupler in this situation enables us to aehieyedance inversion and, in the same
footprint, provide necessary signal coupling withdisturbing the performance of the
inverter that has to adhere to prescribed geonuéttgted by the load-pull contours. This
way we can sample the main signal and the combsigethl simultaneously, and from
this gathered data calculate the signal transfaragiteristics of the peak amplifier. Once
the main and peak amplifier signal transfer charastics are known, separate

predistortion can be applied to each section, yiriding improved performance.

38



3.2.2 Transcoupler Analysis and Operation

A comparison between the microstrip layout of amirary quarter-wave
transformer as an impedance inverter and a trapsmois shown in the Figure 12. Both

circuits invert impedance from 50ohm to 250hm (wihkpect to their geometric mean of

2
Z,=35.38) according to Z, :%) but transcoupler performs additional signal
L

coupling that is necessary for predistortion feethpaurposes. We next show how it can
be used in the Doherty amplifier configuration.

Impedance Transformer and Transcoupler Implemented in Microstrip

35.35 ohm Quarterwave

Transformer

~— _J Zload=50 ohm

35.35 ohm/30dB

Tl
7 ¢ LI 1
T

Figure 12: Comparison between a Quarter-wave Transfrmer Impedance Inverter and a
Transcoupler (after ) Impedance Inverter (coupler design after [35], [36], [37], [38])

_/4‘ Zload=50 ohm

Before discussing the details of the transcoupdsigh we will first examine what can be
achieved using a conventional Doherty combiner adesd with a directional coupler.
The block diagram in Figure 13 depicts the constityparts of a Doherty combiner with

a cascaded 30dB coupler.

l

impedance
inverter

oz 30dB
impedance — —

coupler
transformer l P
Zload=50 ohm

Coupled

Peak Input

Output Port

Figure 13: Classical Doherty Combiner with Cascade&oupler Functionality
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The microstrip layout of the Doherty combiner watltascaded output directional coupler

is shown in Figure 14.

50 ohm
impedance
inverter

35.35 ohm
quarterwave 30dB coupler
transformer
50 ohm
Output Port

Peak Input

Coupled Termination

Output Port

Figure 14: Classical Doherty Combiner with Cascade€oupler Functionality in microstrip layout
implementation

pop— 2 |

Cascaded Impedance Inverter and Directional Coupler

‘ ——DB(IS(1,1)) —=—DB(IS(3,3)) ——DB(|S(2,1)) = DB(|S(3,1)) —— DB(IS(4.1)) ‘

-10 1

-20 4

-30

S| [dB]

-40 4

-50 1

60 B ‘ =~ ‘ e - oo | : ‘
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Figure 15: Calculated performance of classical Dolity combiner with cascaded coupler. Note that
"DB(]S(1,1)])" denotes |%;| in dB, and so forth.
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The S-parameters of the classical Doherty combintir a cascaded coupler (with port
numbering indicated) are shown Figure 15. The dogghctor is 3@B, the isolatiof’ is
better than 28B, the return loss at port one is better thadB®2@nd the return loss on the
coupled port 3 is better thand® The input impedance (at port 1) over frequencyttie
combiner with the cascaded directional coupleniveryin Figure 16. The real part of the
input impedance is very close to2®ver the GHz band centered at 231z, but the
imaginary part varies from €bto 52 and this variation of the imaginary part may cause
some issues in the operation of Doherty amplifiers.

Cascaded Impedance Inverter and Directional Coupler

| ——Re(@N(1)) (Ohm) —=— Im(ZIN(2)) (Ohm) |

30

% JOUPODOOORS 2o

25 A

20 A

15 A

10

Resistance; Reactance [ohm]

-10 T T T T T T T T T
2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100

Frequency [MHz]

Figure 16: Calculated input impedance of classicdboherty combiner with cascaded coupler. Note
that "Re(JZIN(2)])" denotes the real part of the input impedance at port 1, and so forth

¥ Given by 20 |09(|%1|/| S‘UJ)
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To minimize the variation of the imaginary parttbé impedance at port 1 and, hence,
broaden the operating band of the combiner withcaded coupler a shorted shunt

guarter-wave stub is added as shown in Figure 17.

=

Shorted shunt

quarterwave
30dB coupler
j
o]
I I

50 ohm
impedance
inverter

stub
utput Port

@r

Peak Input

Figure 17: Wideband Doherty combiner with cascadedoupler

35.35 ohm
quarterwave
transformer

50 ohm
Termination

Coupled
Output Port

The S-parameters of the broadband combiner withciseaded directional coupler are
shown in Figure 18. The coupling factor is unchahge 3@B, the return loss at port 1
improved to better than 8B over almost the entire band, the coupled portt@meoss
remained better than dB, the isolatiof’ is better than 2B (the isolation performance
was not included into the coupler design optim@afprocess and it is likely it could be
improved by including it in the optimization rougin

The input impedance at port 1, shown in Figureid%ery close to 28 over the entire
band. The real part varies between 24 an@2@nd the imaginary part stays very close
to zero (from -1.5 to 0®).

20 Given by 20 |09(|%1|/| S‘UJ)
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Cascaded Impedance Inverter and Directional Coupler (Wideband)

‘ ——DB(IS(1,1)) —=—DB(S(3,3)) —+—DB(IS(2,1)) = DB(IS(3,1)) —— DB(IS(4.1)) ‘

-10 1

-20 1

o
S 30 e [
[}

-40

-50

NI IOHAANIN
NN
-60 : Wl : : : | : ‘ :
2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100

Frequency [MHz]

Figure 18: Calculated S-parameter performance of wieband Doherty combiner with cascaded
coupler. Note that "DB(|S(1,1)])" denotes |g| in dB, and so forth.
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Cascaded Impedance Inverter and Directional Coupler

| —=—Re(@IN(1)) (Ohm) —=— IM(ZIN(1)) (Ohm)

30
” 7% M
20
15 1
E
<
< 10+
X<
&
5
0 W
.54
-10 T T T T T T T T T
2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100

Frequency [MHz]

Figure 19: Calculated input impedance performance fowideband Doherty combiner with cascaded
coupler. Note that "Re(|]ZIN(1)])" denotes the reabpart of the input impedance at port 1, and so forth

Now that we have examined the performance of thevexational combiner-coupler
cascade we turn our attention to the performandeeoDoherty node transformer based
on a transcoupler. The microstrip layout implemeataof the transcoupler is shown in
Figure 20. To preserve wideband performance ottmbiner the shorted shunt quarter-
wave stub is added (same as in the case of thedmsocoupler in Figure 17). As
mentioned before the mismatched coupler which ier t® as transcoupler, combines
the impedance transforming capability of a quanewe transformer with a coupling

capability of a directional coupler in one devias,shown in Figure 20.
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The S-parameter performance of the transcouplewsho Figure 20 indicates a better
than 3@B return loss at port 1 over the entir&Hz band centered at Z#iz the
coupling factor remains close tod®over the band, the return loss at the coupling por
is better than 4B, and there is a slight degradation in the isof&lito around 1B at
the high end of the frequency band, but as notdakethe isolation performance was not
included into the optimization routine and couldlpably be improved upon by its

inclusion in the optimization process.

¢ -

Wideband Transcoupler

‘ —+—DB(IS(1,1)) —=—DB(S(3,3)) ——DB(IS(2,1)) =—DB(SE.1))) DB(IS(4,1)) ‘

-10 A

-20 A

-30

S [dB]

-40 4
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-50
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2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100
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Figure 20: Calculated S-parameters of a Doherty nagltransformer based on a wideband
Transcoupler microstrip implementation layout

* Given by 20 |Og(|%1|/| S‘UJ)
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Wideband Transcoupler

| =— Re(ZIN(1)) (Ohm) —=— Im(ZIN(2)) (Ohm)]

30
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Figure 21: Calculated input impedance at port 1 of Doherty node transformer based on a wideband
Transcoupler microstrip implementation layout

The input impedance of the transcoupler is vergelm 2% over the entire band which
indicates broadband operation. Thus far we have @nésented transcoupler as a

replacement for the node impedance transformercascaded directional coupler.
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3.2.3 Use of the Transcouplers as Impedance Transformers and

Inverters

We will use a transcoupler as a Doherty amplifiede transformer where it will
replace the current implementation of the nodesfamer consisting of the cascaded
combination of a quarter-wave impedance transforanera directional coupler. Another
transcoupler will be used to replace the main aieplimpedance inverter. When in
place, the transcouplers will provide necessary edance transformations while
simultaneously providing feedback signals for dibfredistortion purposes.

In the classic Doherty combiner, the signal isyadmpled at the output, after the
signals from the main and peak branch are alreathbmed, and thus it is impossible to
distinguish the distortion contributions comingrfraghe main amplifier device from those
coming from the peak amplifier device. In a clagsidoherty amplifier the distinction
between distortions coming from main or peak dewes not have significance because
the same signal is fed to both devices. Howevemane advanced version of Doherty
amplifiers [39], [40], (known as "digital Dohertyrglifiers”) the signals are fed to the
main and peak amplifiers separately, and there dvbel a benefit to distinguishing the
distortions produced by the main device from thoseluced by the peak device because
the appropriate correction could then be appliethéomain and peak devices separately
to achieve an improvement in performance. To sépdh& distortions according to their
origins we would need to sample the signals atdistinct locations simultaneously and
thus obtain knowledge of the main and peak sigasthey are before they are combined.
The first sampling location is in the main branamd ahe sampling is achieved by

replacing aZ, quarter-wave transformer in the Doherty combingha Z, transcoupler

which will simultaneously work as an impedance meeand as a directional coupler.
This sampled signal will be a function of both maimd peak signal, and will provide us
with the first of the two equations necessary &ohee the main branch and peak branch
signals. The second equation comes from sampliagcttmbined signal at the output
node transformer. The two equations are linearlyependent and can be used to
calculate the load currents of each branch at #mbming node (and hence the
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instantaneous power that each branch contribufegjetailed circuit analysis will be
presented shortly.

The classical implementation of the Doherty anmalifs shown in Figure 22. The
input signal is split between the main and pealndras, amplified and combined to
yield the output signal which is then sampled aamt o the predistortion receiver. Based
on this feedback the input signal is predistortedl @ent to the amplifier. In this

implementation there is no way to correct for trEmand peak distortions separately.

Main Amplifier

-3dB &

Undistorted Predistorted
Input Signal Input Signal RF 3dB Main A4
A — Digital * Tx Chain 1 Power ! Z, Node
Predistortiol Splitter Input offset line 1 transformer ~ Coupler
Block A/4 A/4
-3dB FreT—— 1o

¥ . Nz
Combined Peak Amplifier
Node

Output Sigha

with Digital o
distortions Predistortion| ;0 I(Dj]gtltalt_
Feedback [T reaistortion

RX

Figure 22: The classical implementation of the Doy amplifier

Once the combined output signal, with distortioesulting from amplifier
nonlinearities, is sampled and sent through a aligitedistortion receiver to the digital
predistortion block. In the digital predistortiotobk the distorted signal is compared to
its undistorted copy and appropriate modificaticare applied to the input signal
(predistortion) that will decrease the amount @ thstortion present in the combined
output signal. This solution features a single Tiain and the common signal is fed to
both main and peak amplifiers thus individual pséaltion for main and peak amplifiers
is not possible.

In the advanced implementation of the digital Doheve propose (Figure 23),
two separate input signals are applied, one tarthm and one to the peak branch, the
signals are amplified by their respective devisesnpled by the transcouplers and sent to
two predistortion receivers, and then combinediéddythe output signal. Based on the
separate feedback the input signals are specifigaiédistorterd according to their
respective device distortion profiles. The aboventimmed implementation is shown in
Figure 23.
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Main Amplifier

. Predistorted
Undistorted Input Signal
Input Signal Main .
= ] o ° Tx Chain Output combining
Digital Main network
Predistortion e |
Block 1 1
1 1
1 ) 1
A A ) . 1 Main 1
Main Output Signe 1 Transcoupler !
with distortions 1 1
- 1 Z, Y 1
1 1
1 Z 1
1 0 1
1 1
o 1 | Output 1
Digital 1§ Transcoupler :
Predistortion A4 .
Feedback . / ZO/ \/E 1
Rx Tx Chain
Predistorted Inpt Peak
Signal
Peak |
Peak Amplifier | /]/4 Z,
1
Combined :
Output Sgpe TS TTTTTsTTSTSToTSTsTTTTT
with
distortion:

Figure 23: The Digital Doherty implementation of the Doherty amplifier. Note that the transcoupler
elements shown are block diagram elements not actuayouts [41].

A microstrip layout implementation of the outputhdaining network from Figure 23 is

Coupled Main [
Port =

shown in Figure 24

50 ohm
impedance
inverter

Shorted shunt
quarterwave
stub

Integrated 35.35 ohm
quarterwave transformer
and 30dB coupler
(Transcoupler)

50 ohm
Output Port

50 ohm
Termination

Peak Input

Coupled
Output Port

Figure 24: Improved Bandwidth Doherty Combiner with 500hm/30dB Main Transcoupler and
35.350hm/30dB Output Transcoupler
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The notation to be used in the detailed calculation the output combining network of a
Doherty amplifier containing transcouplers is givarFigure 25. Repeated reference to

Figure 25 greatly aids the reading of the derivadithat follow.

. o Fus 2y ITYRRATY -
Main Amplifier L Z, {q\g Sl’\g } L Node Peak Amplifier
M + - P
Rn VM — A/4 Syz \ﬁ-ﬂ' F?n

v .z
by

VL_ VL+

Z, /]/ 4
Main
ToDigital Transcoupler
Predistortion Rx —

To Digital

Z /\/— A/4 Predistortion Rx
S ZO Node
1 c /1/4 Transcoupler
S21 Szz
It
Z,

Figure 25: Combining output network of a Doherty anplifier containing two transcouplers

The main transcoupler's through branch is a quaré@e transformer with a

characteristic impedancg,. The corresponding S-parameters are

@ PE SIH:{O. _J}
Sy Sy -1 0

The node transcoupler has a through branch that gsiarter-wave transformer with

characteristic impedamZ%/ J2.The corresponding S-parameters are

12k
@) [Sﬁ sz} - 3 : 3
S?l ng : 2\/§ 1
3 3
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The load reflection coefficient is given by
1

3 r=st=-=

3) L=S) 3

The load impedance at the node is then

+r, 17

°1—rL ~ %o

=%
2

(4) Z, =2
1+

Wikrlwlk

The voltage at the node can then be expressedns tef the current from the main and

peak branch load side currertg, and | , respectively and the node impedarte as

Z
(5) V=(|LM+|LP)ZL=(ILM+ILP)70

The impedance loading the main branch of the Dglaartplifier is given by

(6) ZLM = =

“o
ILM ILM 2
The corresponding reflection coefficient therehisrt

ILM +ILP _1

ZLM_20: 21y =ILM+ILP_2|LM=|LP_|LM
+

ZLM+ZO w+1 ILM+ILP+2|LM ILP+3|LM
21

7 Fiv =

We can now calculate the voltage on the main dewicke of the main branch

transcoupler in three steps as

©® Vi S _(Sgﬂz;sﬂsgz_shfﬁ%)r“ v =2 ENE (I +100) 2
Sh(1+T ) =j(1+T ) 2
— 1-T | | é:-ILP+3lLM_ILP+ILM | | é
9) M Jl+rLM(LM+LP)2 JILP+3LM+ILP_ILM(LM+LP) 2
. 4] Z .
V., = _ M | | =0 = Z|
(10) v JZ(ILMHLP)( w i) 2 = 1200
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The reflection coefficient on the device side igegi by

MsMI— . .
) =S+ B = (1) () =

and so from (7) it is

I
(12) r - LM LP
N I LP + 3' LM

In order to find the voltage incident on the devstge of the main branch transcoupler

we note that
(13) Vi =V +Vy, =V (14T ,)

thus we can write

(14) Vv, = = =j=2(1,+3l
. (l+rM) 1+ILM_ILP 4(LP LM)
ILP+3ILM
which simplifies to
4
(15) Vu = JZO(ILP-'-BILM)

V,, is known from the measured coupled signal by thansef the receiver attached to

the coupled port. This gives us the first equatiat will allow us to calculate the branch

currentsl , and 1, atthe combining node. At the node side of the rtoalescoupler

the voltage is given by

+ - + Z
(16) V=V V=V () =(1y, +|LP)7°

thus we have

(17) V' =
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which simplifies to
(18) V' =

V" is known from the measured coupled signal by meérise receiver attached to the
coupled port. This gives us the second equationwiiaallow us to calculate the branch
currentsl , andl,,, atthe combining node.

Expressions (15) and (18) are the two equations ate¢al solve for main and peak
branch currents at the combining node. We can rewh#m in the forms

.4,
(19) 3l Hle="1=—Vy
Z0
and
4 .
(20) I|_|v| +1 LP =3_ZOVL

Solving for 1 ,, and |, we get

2 (e s
(21) i __3_ZO(VL +3JVM)
and
2 [0 e
(22) i == (V" + Vi)
ZO

The load currents of the two branches are now knowternms of sampled incident

voltagesV,, andV,".

The combined output signaV,", and the main output signa¥,, both with the

corresponding distortions resulting from amplifieonlinearities are sampled and sent
through a digital predistortion receiver (the reeeiblock will have two receivers, one
for each feedback signal) to the digital predistortblock. In the digital predistortion

block, each distorted signal is compared to theistoded copy of the signal and the

appropriate modifications are applied to the ingighals (predistortion) of the main and
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peak branches that will result in the decrease efdilstortion present in the combined
output signal. This solution features two Tx chgmse for main branch and one for peak

branch) with each branch being excited by appraogsigiredistorted input signals.

3.2.4 Reasons why a cascade of a coupler and an impedance

inverter will not behave as an impedance inverter

In the situation where a transition fron22, impedance domain towaég domain

is required, an impedance inverter with a charastterimpedanceZ, can be used to

2
provide matching via the impedance inverting relaghip Z, :%. We will use the
L

impedance values that are common in the designyofmetric two-way Doherty
amplifiers (e.g. 10Q for the main amplifier high efficiency load, Q0for the
characteristic impedance of the main quarter-wavgedance inverter, and Q5or the

node impedance) for the above mentioned domaidsisted in Figure 26.

100Q2 ! . : —
domain | domain | déman
i Al4d Z,=50Q i
:._| |—+ —
= — —
— iz -
- & =3
i - Standing Wave i
I_1 = _]/3 = ]/3 Round trip 180° rz = _]/3:

Figure 26: Quarter-wave transformer impedance inveter

To have the perfect impedance inversion the refteetaves in the 1@ domain must
cancel each other and transmitted waves in teedBmain must combine constructively.
The reflection coefficients and propagation deldgtween interfaces must be set

properly, i.e. I, =T, and round trip delay must be 180° to achieve ple€ect

cancellation of reflected waves and perfect comliroh transmitted waves. If, T,
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and/or the round trip is not equal to 180° the idgree inversion will not be ideal. In the
case of the quarter-wave impedance inverter inrei@é, I, =I', = -1/3 and since the
line length is 90°, that makes the round trip elyat80°, thus satisfying both conditions
simultaneously and providing perfect impedancerisioa.

If we desire to sample the signal from the @0flomain that is incident on &0domain
we need to cascade the(b@mpedance inverter with a directional coupler thas a

characteristic impedanc&_. and lengthl_as shown in Figure 27. In the case where
Z.=50Q and |, is a multiple of 180° the conditions for perfesversion, namely

L=r,=-13 and a round trip being a multiple of 180°, aresfial albeit at the
expense of decreased bandwidth. The decrease dwinih stems from the increase in
length of the structure in Figure 27 compared tat tbf the structure in Figure 26.
However, if either one of the conditions, =50Q andl_ being a multiple of 180°, is not
satisfied the perfect impedance inversion will meatur. Thus if we do not want to
sacrifice bandwidth of operation we cannot usestade of an impedance inverter and a

directional coupler to simultaneously achieve ingrezk inversion and signal sampling.

100 500 250
domain , domain ) domain
; A4 Z, |, |
1 : $

2 : - —
g L= X

-— G Coupled Port 50Q @
= e
i Standing Wave - i
rr Round trip# 180° E |

Figure 27: Quarter-wave transformer impedance inveter cascaded with a directional coupler
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In order to maintain bandwidth performance whilengtaneously having impedance

inversion and signal sampling capability we canthgestructure in Figure 28.

1000 500 25)
domain domain domain
M4 Z,=500
=K . : s —>
DI o
— = 1
E (= Coupled Port 500 ) E
r1:_]/35 F:J/S Standing Wave - FZ:—]/SE

Round trip 180°
Figure 28: Impedance inverting/transforming directional coupler

The main branch of the directional coupler in Feg@B is 5@ quarter-wave transformer
which automatically satisfies the ideal impedaneeeiting conditions,l, =, =-1/3

due to 5@ characteristic impedance, and since the line kemgt90° the round trip is
exactly 180°. The coupled branch is there to pmwsdjnal coupling for the feedback
purposes. The length of the coupled line and itxipmity to the main branch are
determined in such a way to provide sufficient feszk signal levels while maintaining

the minimum impact on impedance inverting capabditthe main branch.
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3.2.5 Application of transcouplers in Chireix Amplifier

A Chireix amplifier in Figure 29 combines two colex-conjugate constant
envelope signals in order to obtain an amplitudeduteted combined output signal.
Combining of the complex-conjugate signals from Aifirggs 1 and 2 at the node, and
inverting the modulated branch load impedances Hgy dorresponding quarter-wave
transformers presents the amplifiers 1 and 2 wotd limpedances that are associated
with the high-power operation of the amplifiersride&2 (currents combine in phase at the

node, =0°), or moving toward impedances associated with high efficiency
operation of the amplifiers (current combining igt-of-phase by an increasing amount

with increase inp).
Amplifier 1

RFin1 ®

ZO
Combined

Feedback =
Z, Signal

A/4

Amplifier 2

RFin 2 *

Figure 29: Functional diagram of a Chireix Amplifier [42]

To accurately create the desired amplitude modumadf the combined output
signal (from the distinct phase information congginn the signal from each branch) the
precise control of the branch signal phase shifthe combining node is essential. The
transcouplers can be used to provide a feedbaoklsigpm each branch and allow for an
explicit control and correction of the phase focleaignal before combining as shown in

Figure 30.
57



Amplifier 1

RFin1

Amplifier 1
Feedback
Signal

Amplifier 2
Feedback
Signal

Amplifier 2

RFin2

Figure 30: Functional diagram of a Chireix Amplifier with transcouplers

Transcouplers can be used in any amplifier archite that combines output
signals from multiple branches of amplifying elensgruses impedance modulation and
inversion as a means of increasing the efficien€yoperation of the individual
amplifying elements and uses feedback-based digieablistortion to optimize amplifier
spectral performance (minimize spurious emissiofs)amples of these amplifying
architectures are (but not limited to) the Dohemtyd Chireix amplifiers as discussed

above.
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3.3 Tunable Two-way Doherty Amplifier with a Circulator as an
Impedance Inverting Element

3.3.1 Introduction

Quarter-wave impedance inverters are band limiteet to their physical
properties, namely that impedance inversion dependsultiple reflection cancellations
which can only be achieved for certain physicagtes and characteristic impedances of
the transformer. A circulator with its third poerminated in a tuning circuit can be used

as a tunable impedance inverter.

3.3.2 Tunable Two-Way Doherty Amplifier

High capacity wireless systems use modulated Eghat exhibit high peak to
average power ratios, which will cause power angsifto operate at low efficiency if
certain efficiency enhancing features are not egygdo The Doherty amplifier
architecture utilizes the impedance modulation affbetween the main and peak
amplifier to modulate the load impedance seen byntlain amplifier in accordance with
the instantaneous input RF power. This resultsighdr efficiency of operation. The
original Doherty design relies on a quarter-wawansformer to perform the impedance
inversion necessary to achieve proper load modulatQuarter-wave transformers are
inherently narrowband structures (up to 10% of badth) and are not dynamically
tunable. To overcome the bandwidth limitation ofidar-wave impedance inverters, a
tunable circulator-based impedance inverter isothiced here. The tunable circulator-
based impedance inverter provides a narrowbanddeme inversion (the bandwidth of
the impedance inversion depends on the phase resmdrthe circulator) but is tunable
over the amplitude bandwidth of the circulator, gshmaking it more suitable for
implementation in tunable Doherty architecture afigps. The tunability is achieved by
terminating the third port of the circulator inwning circuit (usually consisting of two
variable capacitors separated by a length of tressom line). The circulator has a

broadband amplitude response and can provide tenaigpedance inversion over its
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amplitude bandwidth, thus making the design ofrealle broadband Doherty amplifier
feasible. The block diagram of the suggested twg-Daherty amplifier employing a
circulator-based tunable impedance inverter ismgiveFigure 31. We next discuss this

idea in more detail.

Main
Amplifier
-3dB
3dB
RF ine— Power Z,
Splitter
Isolator /1/4
-3dB
7 z,/~2 Z, =2,
0
Peak

Amplifier

Figure 31: Block diagram of a Two-Way Doherty amplffier with circulator-based impedance inverter
after [44]

The basic idea is to use the non-reciprocal ptgpara circulator to implement
impedance inversion functionality that is necesdaryproper operation of a Doherty
amplifier. Circulators usually have a broadband ktomgte response (e.g. 30%) which can
be used to provide impedance inversion bandwidof, for example 2%, that can be
tuned over the wider amplitude bandwidth and thxterel the fixed 10% bandwidth
available from quarter-wave transformer impedaneeriter.

The proper alignment of reflections at the inpéttlee impedance inverter is
essential for its correct operation. Splitting theident and reflected paths provides us
with an ability to dynamically tune the performanoé the impedance inverter. A
circulator is used to split the incident and retidecpaths, and its third port is terminated

in a tuning circuit which allows for dynamic phasaing of the reflected waves in order

2 Note: circulator-based impedance inverter provialesrrowband impedance inversion that can be tuned
over the much wider circulator bandwidth
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to achieve the destructive combining of the refldcivaves at the input and thus obtain

proper impedance inversion.

Z, =500
100Q ly I,
7N
Z,=100Q N Z,=25Q Z, =250
=N T
= Z, = 250

ﬁiom

Incident path

NS

These reflections
need to combine

These transmissions
need to combine

Z,=50Q \
destructively 0 constructively

Reflected path

;_ Tuner to adjust phase
N of reflections for
destructive combining

Figure 32: Functional diagram of the circulator-basd impedance inverter. The multiple arms are
meant to indicate multiple reflected and transmittal signals.

The wave bounces between three interfaces, anithd¢ltent and reflected waves
undergo different phase shifts. The third portted tirculator is terminated in a tuning
circuit consisting of two variable capacitors sepad by a section of a microstrip line;
for simplicity this is depicted by a single variabtapacitor symbol in Figure 32. The
reflection phase shift is adjusted for destructteenbining at the input of the impedance
inverter. When used as a main amplifier impedamoeerter in a two-way Doherty
amplifier as shown in Figure 31, the circulatoroisly mismatched in the low-power
regime when the peak amplifier is inactive and ¢ireulator is loaded by Z% node
impedance. In the high-power regime peak ampliBeactive and it modulates the load

impedance seen by the circulator ta%thus eliminating the reflections at high power.
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The variable capacitors in the tuning circuits #rerefore only exposed to reflected
waves at low power levels. The schematic implentemaof the circulator based

impedance inverter and its quarter-wave counteipatiown in Figure 33.

. . . . . . . . .BUBCKT-: ZL=30
Zin=100  D=81. . . . . ... o
. PORT NET="2500MHZ circulator - .EE’ZRT.
. Z=Zin-Ohm (Z=ZL Ohm

s ... . MEN
... .. Ib=TLs

o w=2768mm

.~ . . LOAD .L=.17.-3.mm .
- ID=Z1
- Z=Z Ohm -
S s 7ol O

MUN  MLN
D=t ~~ ID=TL4
W=1637mm = W=2768mm
L=17.71 mm L=17.3 mm

- MSUB.

- Er=3.70 .

- H=0.762 mm .

- T=0.035 mm .

Rho=0.7 .

Tand=0.004 . . . . . . 7

ErNom=3.70 | — T

Name=RO/RO4350B1 L

Figure 33: Circulator based impedance inverter withassociated tuning circuit

The measured S-parameters of the circulator gperited into a circuit simulator;
the third port of the circulator is terminated ivariable impedance load that represents
the capacitive tuning circuit whose reactance aaadjusted externally. The second port
of the circulator is terminated in the node impexdathat is obtained by transforming
50Q load into 2% node impedance by means of a microstrip transamsiéne whose

length and width are adjusted to produce @5duarter-wave transformer. The input
62



impedance performance of the circulator-based irapeg inverter is monitored at the

first port of the circulator. For the comparisonrpases the second impedance inverting
circuit was constructed where a section of a mtagdransmission line whose length

and width are adjusted in a way to obtain the dattarestics of 5@ quarter-wave

impedance inverter.

3.3.3 Performance of the Tunable Circulator Impedance Inverter

To verify the performance of a circulator as anpéslance inverter the S-
parameters of a 25MHz circulator were measured and imported into a disalver as
an S-parameter file. The frequency response otiticalator is shown in Figure 34. The
circulator has better than @ return loss and isolation between 2M3z and 28001Hz
(a bandwidth of better than 7Rz or circa 29%). The circulator used was CS-2500
SMA packaged circulator manufactured by e-Meca.[45]

To investigate the effects of non-ideal matching esolation parameters of the circulator
under test, these parameters were artificiallyexstbly a factor of 2 thus yielding a®
improvement in match and isolation over the origmieculator. The frequency response
of the circulator with 8B improved matching and isolation is shown in Fig8e

Using the enhanced circulator S-parameters in treulator block of Figure 33, and
adjusting the value of the tuning capacitors, wa t@ne the impedance inverter to
resonate at 2300Hz. The overall frequency response is shown in Figére

From Figure 36 we can see that over th®B@ band centered at 230z the real part
of the input impedance of the circulator-based iitereis almost identical to that of the
guarter-wave impedance inverter. The imaginary pdrthe input impedance of the
circulator-based inverter is significantly loweraththat of the quarter-wave inverter. As
predicted the impedance inversion bandwidth ofdineulator is significantly narrower

compared to the quarter-wave transformer invertamiyn due to the circulator phase

response [0S,,,01S,,, and JS;). Next we tune the circulator-based impedancerteve

to 2500MHz and we observe (in Figure 37) similar impedaneeriting behaviour to that

of the previous case.
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Finally we tune the circulator-based impedance rieveto 2700AHz to verify the
performance at the high end of the band (Figurew88th is quite similar to that of the
two previous cases. The circulator-based invenjgutiimpedance real part tracks the real
part of the quarter-wave inverter impedance, wlaerehe imaginary part can be tuned
out at a desired frequency in the case of the leitocubased inverter.

For a better overview of the performance of thewator-based impedance inverter we
divided the entire band of interest into a numberR2@VHz channels and tuned the
inverter to each of these channels, and capturegh¢hformance of the inverter for each

one of these channels. The results are shown uré&gP and Figure 40.
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Figure 34: Measured circulator frequency response
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Circulator S-Parameter Magnitude (6dB improved Match and Isolation)
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Figure 35: Calculated frequency response of a cir¢ator with enhanced (6dB improvement) match
and isolation

Tuned Circulator inverter vs Quarter-wave Transformer Inverter (6dB better match and isolation)
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Figure 36: Calculated frequency response of the @ulator-based inverter tuned to 2300MHz,
compared to that of the quarter-wave transformer (QVT) inverter
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Figure 37: Calculated frequency response of the aulator-based inverter tuned to 2500MHz,
compared to that of the quarter-wave transformer (QVT) inverter
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Figure 38: Calculated frequency response of the @ulator-based inverter tuned to 2700MHz,
compared to that of the quarter-wave transformer (QVT) inverter
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Tuned Circulator inverter vs Quarter-wave Transformer Inverter (original)
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Figure 39: Circulator-based inverter tuned over theentire band with its impedance inverting
performance displayed over 20MHz wide channels

Tuned Circulator inverter vs Quarter-wave Transformer Inverter (6dB better match and isolation)
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Figure 40: Calculated circulator-based inverter wih 6dB enhanced Return Loss and Isolation tuned
over the entire band with its impedance inverting prformance displayed over 20MHz wide channels
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By comparing the performance of the circulator-baseerter in Figure 39 (original S-
parameters of the circulator) and the performari¢keninverter with enhanced matching
and isolation in Figure 40, we can see that retinga and isolation parameters play a
significant role in the performance of the circalabased impedance inverter which was

expected based on the analysis done in sectio?. 3.5.

3.4 Conclusions

Three novel concepts have been introduced irctiapter.

The first is the concept of a transcoupler, whiombines the performance of an
impedance inverter and a coupler.

The second concept uses two of these transcougecsuple out (that is, to
sample) the amplified signals at two points on thput side of the main and peak
amplifiers of a Doherty amplifier. A circuit analgsthen showed how these sampled
complex voltages can be used to determine the lambuaplex peak-amplifier and main-
amplifier currents at the combining node. It waswh how these separate feedback
signals can be used to individually pre-distort signals entering the main-amplifier and
peak-amplifier devices of a so-called “digital Ddiye amplifier, according to the
individual profiles of the active devices used Ire tmain- and peak-amplifiers. It was
demonstrated why transcouplers are necessary, yathat use of a conventional
impedance inverter in cascade with a coupler doé¢satisfy the proper requirements. It
was also shown how such transcouplers can be wsedprove the performance of a
Chireix amplifier architecture as well.

The third concept was a method of using circukatorcreate tunable impedance
inverters. Although the instantaneous bandwidtithef Doherty amplifier that uses such
inverters is not extended, it represents the firme an approach has been devised to
realise tunable power amplifiers in this way.

In the course of the thesis research the aboveiomex contributions spawned
insights that have been used to develop the supdbniques described theoretically,
and validated experimentally, in the chapters tblédw. Thus, although the ideas of this
chapter are valid in their own right, they have be¢n pursued any further.
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Chapter 4

4 Compact Implementation of Existing Doherty
Architectures

4.1 Introduction

This chapter is dedicated to compact implementatiomain and peak matching

networks in N-way Doherty amplifiers.

In the standard two-way Doherty amplifier the autpection of the main branch
consists of three distinct parts: a matching netwan offset line, and a quarter-wave
impedance inverter. Similarly, the output sectiéthe peak branch consists of a cascade
of a matching network and an offset line. Eachhaf tonstituent parts of the cascaded
sections has to provide a particular functionalily. this chapter we will present
techniques to combine all the functionalities & #bove-mentioned constituent parts of
the output section of the main branch (and simjiléok the output section of the peak
branch) into a single network that performs all tieeessary impedance transformations
needed to convert the combining-node side impedamnu® appropriate device side
impedances. The benefits of these compact impletiens include increased
bandwidth, a lower insertion loss, and a smallesuti footprint. These compact designs
also facilitate the expansion of the two-way Dowewdrchitecture into N-way

architectures in a systematic fashion.

Section 4.2 introduces the two-way compact Dohanplifier architecture. The
main matching network of the compact two-way Dopamplifier does not rely on the
explicit use of quarter-wave transformer and arseiffline combination to provide
impedance transformations necessary for properatiparof the main device. Similarly
the peak matching network of this architecture duoasrely on explicit use of an offset
line to provide impedance transformations necesgaryproper operation of the peak
device. The absence of the quarter-wave transfoandroffset lines makes main and

peak device output matching networks physically Inavith added benefit of lower
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loss and increased bandwidth. The compact two-walyety amplifier circuit was built

as a proof of concept and its simulated and medquegormance is presented.

Section 4.3 presents the expansion of the contpaetvay Doherty amplifier into
a compact three-way Doherty amplifier by means eglacing its main amplifier by
another compact two-way Doherty amplifier. The cangon is made between the
layouts of the compact implementation and the cotiweal implementation using

guarter-wave transformers and offset lines.

Section 4.4 describes the expansion of the compastvay Doherty amplifier
into a compact three-way Doherty amplifier by meahseplacing its peak amplifier by
another compact two-way Doherty amplifier. The cangopn is made between the
layouts of the compact implementation and the coteeal implementation using
guarter-wave transformers and offset lines. Usimg) method of expansion the three-way
amplifier circuit was constructed as a proof of @gpt and its simulated and measured

performance is presented.

Two particular ways of suboptimal expansion of XNway Doherty amplifiers
into N-way Doherty amplifiers are examined in Sectd4.5 along with the reasons that

make them suboptimal.

Section 4.6 provides description of the optimgbamsion of (N-1)-way Doherty
amplifiers into N-way Doherty amplifiers along witihe explanation what makes it
optimal.

Finally, Section 4.7 concludes the chapter.

Throughout the chapter we will refer to, and shdiagrams of, what we have
called "generic microstrip implementations” of tkarious amplifier configurations.
These are used simply to illustrate the differenicesveen compact and conventional
implementations of the output sections of the binesc Such generic layouts do not
precisely represent the details of any specific spdaf circuits, albeit close
representations of what the final physical layoutsild be. However, in this chapter we
also show the measured performance of compact tawo-and three-way Doherty

amplifiers. Obviously, these do not merely utilggneric microstrip layouts but carefully
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designed ones. The compact two-way and three-wayeip amplifier designs whose
simulated and measured performances are presentgection 4.2 and Section 4.4 were
designed using the new Doherty amplifier synthas analysis methods that will be the
subject of Chapter 5 and Chapter 6. The physicalitisimulations and optimizations
used were done using the calculations that formi phrthese design methods, and

Microwave Office Software of Applied Wave Research (AWR).

4.2 Two-Way Compact Doherty Amplifier

Figure 41 shows the block diagram of the compaa-way Doherty being
proposed here. As in the conventional ("non-compaito-way Doherty amplifier
described in Section 2.3, the main amplifier bracchsists of a cascade of a main input
matching network, a main amplifier device, and amwatput matching network, while
the peak amplifier branch consists of a cascadep®ak input matching network, a peak
amplifier device, and a peak output matching nekw@utput signals from the main and
peak amplifier branches are combined at the noderevinain and peak branches meet,
and the resulting combined signal is delivered e kbad through a wideband node
matching network.

However, in this compact Doherty amplifier, thaimoutput matching network is
specifically designed to simultaneously perform timpedance transformation function
of the main output matching network, the functidnmain offset line, and the impedance
inversion function of quarter-wave transformer toé tonventional Doherty amplifier. In
other words the functionality of the quarter-wakgedance inverter and the main offset
line are subsumed into a single network elememil&ily, the functionality of the peak
offset line of the conventional Doherty amplifisrsubsumed into the design of the peak
output matching network in this compact Doherty &fiep.

Since the main branch of the compact Doherty dimpldoes not explicitly
include a quarter-wave transformer and an offset, lthe main output matching network
can be designed to have a broader bandwidth cochpartdat in a conventional Doherty

main branch cascade. Also, the output quarter-wesmsformer of the conventional
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Doherty amplifier can be replaced by a broadbandenmatching network, thus
increasing the overall bandwidth of the Doherty &fiep.

Figure 42 shows a schematic diagram of a generaostrip layout of one
possible implementation of the compact two-way Dghamplifier. As an example of
the "compacting” process we consider the exampmeshn Figure 43. It illustrates how

the existing main branch output matching netwonleaced by a compact version.

Main Device

] %:H puT
Peak Device _[SNode] ° :'I
ZL
pP [SLMN 4>

a E=y -

Figure 41: Compact two-way Doherty amplifier
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Device
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(node impedance)

Peak L T

Device
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L N

Figure 42: Generic microstrip implementation of conpact two-way Doherty amplifier
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Figure 43: Main branch design with an implicit andexplicit use of impedance inversion. The lower
two diagrams are an actual layout for a design fregency of 748MHz. By implicit use of impedance
inversion we mean the compact approach

The new approach produces the shortest possillentiasion line length given the target
impedances, and available component and layoutiatshs. If the existing approach

already provides the shortest solution the newagugr will automatically give the same
solution as the existing approach. In other wotts, new approach is a more general
design approach than the existing approach; thetiegiapproach solution set will be a

subset of the solution set of the new approach.
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Because of the shorter transmission line lengthev@bthe new approach will yield
designs that have lower insertion loss and widerdbédth’>. For the main matching
network implementations shown in Figure 43, thewalted insertion loss was 0.03dB
for the compact approach versus 0.06dB for thetiagigpproach. For the same reasons
the compact main output matching network also hamaller footprint on the printed
circuit board (PCB). It is 28mm for the new desigpproach versus 145mm for the
existing design approach as illustrated in FiguB Zhe main branch impedance
behaviour of the same circuit in Figure 43 ovegirency is shown in Figure 44.

200 R . » High Effieilency

Smith Chart L/ . Impedance

728MHz .

High Power <-----+-_ \ |
Impedances  ,* . I '
/ N I
’ 1 I
768NHz \\\ | 768MHz .
[ \ \ ,
1 b \ . )
1 \ \ . )
| H . .
\ T 728MHz, 4
\ : / p Main Output
) ; Matching Network  Main Impedance
. 2 offset line Invertel
& a Existing OMN
N S
o Approach< *— ain | —o— o
Z, Z,
N—
e Main Output
Matching Network
Design Target "
Device —_— ew o
Impedances Approach< ._[ N }
—

Figure 44: Computed performance comparison betweethe implicit and explicit impedance
inversion implementations

% The lower insertion loss and wider bandwidthtagemain features of the new compact approach, the
reduction in PCB footprint is beneficial but noetimain motivation for introducing compact approach
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The new design approach produces a solution tretahawer impedance spread over
frequency (given the target impedances, availablaponent and layout restrictions)
compared to the existing design approach. This gpe@ally noticeable for the
impedances in the “high efficiency impedance” regihere the existing design solution
significantly deviates from the target impedancBscause of the lower impedance
spread over frequency, the new approach soluti@onsidered more wideband than the
solution provided by the existing design approach.

Depending on the particular implementation, tlempact two-way Doherty
amplifier is able to provide one or more of thdduling advantages over its conventional
counterpart:

* Reduced insertion loss and hence less waste heataged;

* Lower impedance spread over frequency, and henderviiequency bandwidth

of operation;

* Smaller amplifier footprint and hence smaller P@gdut and cost;

» Higher factory yield; and

» Easier fabrication and tuning.
The design of the main and peak output matchingvards may be optimized for
maximal frequency bandwidth, minimal insertion logs well as minimal occupied real-

estate by reducing the overall size (length) ofrteevork for each branch.

The main matching network optimization is perfedro satisfy two conditions
simultaneously. The first condition is to transfortme combining node impedance
(lightly loaded by the off-state impedance of tlealp branch) to an impedance associated
with a high-efficiency performance of the main aifig device, and the second
condition is to transform the modulated combinimgl@ impedance (this impedance will
be higher compared to the previous case due tompooveribution from the peak branch)
to an impedance associated with a high-power padace of the main amplifier device.

The peak matching network optimization is alsafgrened to satisfy two
conditions simultaneously. The first condition dsttansform the off-state impedance of
the peak device to a high impedance to avoid ekeedsading of the combining node,

and the second condition is to transform the mdddlaombining node impedance (this
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impedance will be modulated due to power contrdoutirom the main branch) to an
impedance associated with a high-power performé#megeak device.

The implementation of a compact network, suchthees main output matching
network of the compact Doherty amplifier, that con@s the functionality of a matching
network, an offset line, and an impedance inverier one network element, can be done
with the aid of an optimizer for the best resultsbe achieved (most compact, most
broadband, etc.). The process involves determitliagoroper impedance values for low-
power conditions (high efficiency) and high-powenditions (high power) based on the
power amplifier specifications and the transistbiaracteristics over frequency. The
selection is such that the desired performance l@rachieved under the specified

conditions, and is subject to tradeoffs betweerflmbimg performance parameters.

A two-way Doherty amplifier was designed using gdoenpact matching network
configuration of Figure 41. The design target fog thodulated signal output power was
49.5Bm and for the peak power (saturation power)&5®. The design was based on the
load-pull measurements of one active device unaerhtiasing conditions: class AB for
the main device functionality and class-C for thealp device functionalify. Figure 46
shows the simulatéd and initial measured results for the two-way cootpRoherty
amplifier without any modifications compared to ttiecuit used in simulation (no bench
tuning). The deviation of the measured performanom the simulated performance in
Figure 46 indicated that there was an issue withithplementation of the peak input
matching network. The implementation of the peglutrmatching network was found to
be different form the condition under which the lpeavice was load-pulled. One of the
capacitors in the peak input matching network vaesiified as a cause of the deviation
and was replaced by another capacitor of propareyalo changes to microstrip copper
traces were made. Figure 47 compares the simudatddneasured results for the two-

way compact Doherty amplifier with the peak inpuatohing network restored to its

24 As mentioned earlier, the new design methods deeel in this thesis, which are described in détail
Chapters 5 and 6, were used for the amplifiers wimsasured performance is shown in the present
chapter.

% The simulation was performed using analysis teqies based on active device load-pill data develope
in Chapter 6
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intended functionality. The change in the peak cewnput matching network resulted in
realignment of measured gain performance underegulSW and modulated signal
conditions with simulated gain and efficiency peniance (Figure 47). Thus the new
idea of a compact two-way Doherty has been expetiatly validated. Aside from the

smaller PCB footprint of the compact design theaeah of the quarter-wave transformer
and the offset line in the main output matchinguoek, whose combined length at the
frequency of operation (2685812) is approximately 2&m, resulted in the loss reduction
of approximately 0.dB for the RO43050B 34l thick RF substrate [48] we used in the
design that has microstrip insertion loss ofd®/inch. The compact design approach, in
this particular case, allowed us to implement tl@nnand peak matching networks using
only microstrip transmission line sections, no shlumped components (capacitors)
were used. This reduces cost, improves the ralybind lowers the variation in

performance due to variability of components usddciv in turn should improve the

fabrication yield.

The agreement between the measured and the semudain in the pulsed RF
regime of operation (Figure 47) is very good; timawated gain is higher because we
used lossless matching networks to obtain simulaedlts. The pulsed RF gain variation
over frequency is less than dES (the specification called for gain variation over
frequency of less thandB) and it translated to the modulated signal regigaén
variation over frequency ofdB. The measured modulated signal regime drain effy
of 53% was slightly better than targeted value 6#65which was achieved in the

simulatiorf®.

The pulsed CW signal used to obtain the gain weosput power had a period of
100us and a duty-cycle 0l0%. The modulated signal used for testing was an LTE
signal with bandwidth of 1Hz and a peak-to-average power ratio old&.5
The signal from the signal generator [49] was pas$eough a driver amplifier and then

fed to the compact Doherty amplifier under teste Tihput and output power were

% The difference in simulated and measured gainéstd simulation being done using lossless passive
networks and due to device to device variationdimgThe difference in measured and simulatedieffiy
stems from device to device differences in perfaroea Device efficiency can vary up to 5% from devic
to device.
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measured using channels A and B of the power nig@y respectively, the difference

was recorded as the gain of the amplifier and #agling from channel B as the output
power of the amplifier under test. The spectrumlyaea [51] was used to observe the
spectral characteristics of the output signal. Bloek diagram of the setup is shown in
Figure 45.

The spectrum of the LTE signal with bandwidth 6MHz and a peak-to-average
power ratio of 6.8B after it has passed through the amplifier is givefigure 48. The
adjacent channels "ACP Up" and "ACP Low" are catteat 1MHz offsets with respect
to the center frequency of the signal (28B%2) and are 1BIHz wide. Alternate channels
"ALT1 Up"/"ALT1 Low" and "ALT2 Up"/"ALT2 Low" are centered at 24Hz and
33MHz offsets respectively and are alsavil9z wide. Adjacent channel powers relative
to the carrier channel are -22dB& and -24.68Bc for the upper and lower adjacent
channels respectively. This amount of uncorrecistbdion is not acceptable according
to regulatory standards, and predistorton techsigqueed to be used to make the amplifier
performance adequate from the spurious emissiomsg pbview. This is always done in
practice, as was mentioned in section 2.5 so weneit do this here.

" o Spectrum
Driver Amplifier Analyzer
Amplifier under tes
Signal 7\ | A
> ttenuator |—] ;
Generator o U | Splitter
Input Output
Power Power
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Figure 45 Amplifier measurement setup
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Doherty Pulsed CW Performance (without any modifications)
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Figure 46: Simulated and measured gain and drain &€iency for a two-way compact Doherty
amplifier. No bench tuning or other modifications were performed on the measured amplifier.
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Doherty Pulsed CW Performance (one set of input modifications)
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Figure 47: Comparison of simulated and measured gaisnd efficiency of a two-way compact Doherty
amplifier with the peak device input matching netwak of the fabricated amplifier tuned to improve
gain linearity
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Figure 48: Uncorrected output spectrum of the two-vsy compact Doherty amplifier

The output spectrum when the input signal is @tedied is shown in Figure 49
(with the original spectrum retained for comparigmrposes). The adjacent channels
"ACP Up" and "ACP Low" are offset by 6VHz from the center frequency aniiHz
wide with absolute power of -14.0Bm and -15.1@Bm for the upper and lower adjacent
channels, respectively. Alternate channels "ALT1"/UK.T1 Low" and "ALT2
Up"/"ALT2 Low" are offset bylMHz and 20MHz from the center frequency andMBiz
wide. The level of the spurious emissions closdh® edge of the carrier channel is
reduced by more than 8B indicating that the amplifier spectral performaran be
sufficiently improved by means of the input sigpaédistortion to meet the regulatory

requirements.
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Figure 49: Corrected output spectrum of the two-waycompact Doherty amplifier by means of digital
predistrotion

With the output power of 89.1W and with predistontiapplied to obtain the output
spectrum shown in Figure 49, a drain efficiencyp®2% was obtained for the amplifier,
which is slightly better than 50% predicted by siraulation.
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4.3 Compact Three-Way Doherty Amplifier: Main Amplifier
Replaced by another Two-Way Doherty Amplifier
A three-way Doherty architecture can be derivedmfra two-way Doherty
architecture [53], [54], [55], by replacing the mabranch of the original two-way
Doherty amplifier by another two-way Doherty amiglif’. The resulting three-way

Doherty design block diagram is shown in Figurdd&he conventional design.

Main Device
M Main offset line
i R s R
Zy Impedance
Invertel
Peakl Device /1/4 Zoy
pt IMN MN Zon
e[S (S Jr—y
Peakl offset line
Impedance
7 Invertel
Peak2 Device /1/4 02

Ze Zy z
pP2 IMN MN -
in e— I:SPZ :' |:$2 ] ;
Peak?2 offset line ,1/4 Z
Output transformer =S

(sets node impedance)

Figure 50: Block diagram of a conventional three-wg Doherty amplifier

Compared to the original two-way Doherty desigme tayout of the derived
three-way design is more demanding of PCB realtesta possible generic microstrip
implementation of this conventional three-way Déyh@onfiguration is shown in Figure

51.

%" Another possible three-way configuration, wherie the peak amplifier that is replaced by another
way Doherty amplifier, is discussed in section £xperimental results will be shown for that calee
reason for selecting that particular case will laicfrom the analysis in sections 4.5 and 4.6.
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Impedance
Peak Invertel
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ea - offset line
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= Output transformer
Peak? I i (node impedance) T

Device

Peak? offset line

Peak

L N

Figure 51: Generic microstrip implementation of a pssible three-way Doherty amplifier derived
from a two-way Doherty by replacing its main branchby another two-way Doherty amplifier

As it can be seen from the generic layout depictod the three-way Doherty

amplifier in Figure 51 the explicit inclusion ofdhlguarter-wave transformers and offset

lines makes the layout quite involved, and thegtesis are forced to meander the lines in

order to fit everything in usually limited footptimvailable on the PCB. To avoid this

cramped design, a compact implementation of thigsetwway Doherty configuration is

proposed as represented by the block diagram ur&ig2. Same as for the compact two-

way case in Section 4.2, the functionality of theader-wave transformers and offset

lines is subsumed into their respective matchingvolk blocks. A generic microstrip

implementation of this compact three-way Dohertysilsown in Figure 53. While

maintaining the impedance transformation goalstlier design of the output combining

network, this configuration indeed gives a much enmympact microstrip layout.
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Peak2 Device /1/ 41| %o
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Figure 52: Block diagram of a new compact three-wajpoherty design derived from a two-way
Doherty by replacing its main branch by another tweway Doherty amplifer
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OMN T
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T Device

VDDPZ

Peak?2

» OMN T
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Figure 53: Generic microstrip implementation of a rew compact three-way Doherty amplifer derived
from a two-way Doherty amplifer by replacing its man amplifier by another two-way Doherty
amplifer
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4.4 Compact Three-Way Doherty Amplifier: Peak Amplifier
Replaced by another Two-Way Doherty Amplifier
Another way to produce a three-way Doherty archibe from a two-way
Doherty one is to replace the peak branch of tiginal two-way Doherty amplifier by
another two-way Doherty amplifier [56], [57]. Thesulting three-way Doherty design
block diagram is shown in Figure 54 for the conuardl case. Note how peak branches

1 and 2 are swapped to make alignment of the dewalomng their vertical axes possible.

Main Device

M Main offset line
el s =

Impedanc
Invertel ej/ 4 201

Zy, Z

A4 Z
Impedanc Output transformer

Z.. (sets node impedance) =
Peak2 Device Inverter 3/4 o ( p )
Impedance

P2 IMN Zos
Pn o—li 2 }— I: OQAN:I—:I—}
Peak? offset line
Invertel

A14 || 4o

Peakl Device

e = e

Peak1 offset line

Figure 54: Block diagram of a conventional three-wg Doherty design, derived from a two-way
Doherty by replacing its peak amplifier by anothertwo-way Doherty

Compared to the original two-way Doherty desigr the first variant of a three-
way Doherty amplifier described in Section 4.3, Bgout of this second variant of the
three-way design in Figure 54 is even more demandmfar as PCB real estate space
since we have an additional quarter-wave transfotmeontend with. A possible generic

microstrip implementation of this three-way Doheagyghown in Figure 55.
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1T
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Peak2 = Peak2 |
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1 IMN Invertel

Peakl offset line

Figure 55: Generic microstrip implementation of anexisting three-way Doherty amplifier derived

from a two-way Doherty by replacing its peak amplifer by another two-way Doherty
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Figure 56: Block diagram of a new compact three-wajpoherty design derived from a two-way
Doherty by replacing its peak amplifier by anothertwo-way Doherty

Main
Device

Wideband node match
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T =
: Peakl L
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Device

F?fﬂ:l—|

Peak2 L

Device

Figure 57: Generic microstrip implementation of a rew compact three-way Doherty derived from a
two-way Doherty by replacing its peak amplifier byanother two-way Doherty
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As can be seen, the explicit inclusion of the tprawave transformers and offset
lines makes the layout quite involved, even whemmgared to the first three-way variant
discussed in Section 4.3, due to the additionalrtguavave transformer in the peak
combining network. Once again designers are fotoedeander the lines in order to fit
everything in the limited footprint available onetf?CB. Thus we propose the compact
version of this three-way Doherty configurationtie form of the block diagram shown
in Figure 56. We note that:

» The functionality and structure of the cascade afmoutput matching network,
main offset line, and the main quarter-wave impedanverter of Figure 54 are
subsumed into main output matching network of Fega.

» The functionality and structure of the cascadenefdecond peak output matching
network and the second peak offset line of Figudeabe subsumed into the
second peak output matching network of Figure 56.

» The functionality and structure of the cascadehef first peak output matching
network, the first peak offset line as well asfingt peak quarter-wave impedance
inverter of Figure 54 are subsumed into the fiesthpoutput matching network of
Figure 56.

 The peak quarter-wave impedance inverter of Figodeis replaced by the
common peak output matching network of Figure Belrforms the necessary
impedance transformations under both low outputgyoand high output power
conditions.

» The output quarter-wave transformer of Figure 54epglaced by the wideband
node matching network of Figure 56.

* The peak amplifier branches of Figure 56 and Fig#rare swapped to maintain

the vertical device alignment which is importanthe laying out of the amplifier.

The first peak output matching network convehts off-state impedance of the
first peak amplifier device to a short circuit (lampedance), and it converts the load
impedance seen by the first peak amplifier branotien a maximum power condition
into an impedance associated with a high-poweropadnce of the first peak amplifier
device. The second peak output matching networkexts the off-state impedance of the

second peak amplifier device to an open circuigl{himpedance), and it converts the
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load impedance seen by the second peak amplifi@mchr under maximum power
condition into an impedance associated with a Ipigiver performance of the second
peak amplifier device.

Similarly, the common peak output matching netwaonverts the parallel
combination of the off-state impedances from thakpamplifier branches into an open
circuit (high impedance) at the combining node, drmbnverts the load impedance seen
at the combining node under maximum power condstioto a value equal to the parallel
connection of the load impedances of the peak besicin other words, what the peak
networks do for the individual peak branches, tlmnmon network does for the
“parallel” connection of the peak branches.

Figure 57 shows a possible generic microstrip em@ntation of the three-way
Doherty amplifier of Figure 56. Its physical compaass is clear if compared to that in
Figure 55.

The three-way Doherty arrangement shown in Figutehas been designed using the
Doherty amplifier synthesis and analysis technigiescribed in Chapter 5 and Chapter
6. The design target for the modulated signal aupower was 4@Bm and peak power
(saturation power) 53dBm. The design was based on the load-pull measursnoémine
active device under three biasing conditions: el8gor the main device functionality,
a "shallow" class-C for the first peak device fuoality, and a "deep" class-C for the
second peak device functionafityFigure 58 compares the simulated and measured gai
and efficiency performance of the compact three-Wajherty amplifier in the pulsed
CW regime of operation, and Figure 59 shows meadstesults in the modulated signal
regime of operation. The pulsed CW signal usedbtain the gain and efficiency versus
output power had a period 400us and a duty-cycle ofi0%. The modulated signal
used for testing was an LTE signal with bandwidthi®MHz and a peak-to-average
power ratio of 6.8B. Thus the new idea of a compact three-way Dohamyplifier has

been validated experimentally.

8 |n order to ensure proper turn-on timing for tlealp devices the input bias for each device neelis to
set to a certain level. The "depth" of the cladsi& for the peak device will determine at whichuhRF
power level the device starts to conduct and begimet as an amplifier (e.g. peak device biased in
"shallow" class-C will start conducting at lowepin RF power level than a peak device biased uea"
class-C).
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Aside from the smaller PCB footprint of the compdesign the removal of the three
guarter-wave transformers and three offset linethémain and peak output matching
networks, whose combined length at the frequency opkration (76BIHz) is
approximately 26m, resulted in the loss reduction of approximatelgdB for the
RO43050B 3@l thick RF substrate [48] we used in the design theg microstrip
insertion loss of 0.024B/inch at 1IGHz.

The agreement between the measured and the sichgjaite in the pulsed RF regime of
operation (Figure 58) is good; the simulated gaiapproximately 1dB higher because
we used lossless matching networks to obtain siedlaesults, the loss contribution
from the input splitter alone was measured at dB3%he losses of the input and output
matching networks also contribute to the gain @igancy. High and flat gain is
maintained versus output power resulting in goad Gaearity especially when it comes
to a three-way Doherty. The pulsed RF and modulgted variation over frequency is
less than dB. The measured modulated signal regime drain effy of 45% at 47dBm
output power and 38% at dBm output power (8B power back-off). The maximum
output power achieved was 280which indicates efficient power combining of the

signals from all three devices (the nominal poveting for the devices used wasw)0

The pulsed CW signal used to obtain the gain veositpsut power had a period ©00us

and a duty-cycle ol0%. The modulated signal used for testing is an Ligaa with
bandwidth of 1MHz and a peak-to-average power ratio od&.5

The signal generator [49], the power meter [50 #me spectrum analyzer [51] were
used to capture the measurement results summarizEdyure 58 and Figure 59. The
block diagram of the setup was identical to thawvamin Figure 45.

The measured spectral performance of the compeas-tliay Doherty for a single carrier
is shown in Figure 60, and the performance oveyueacy is shown in Figure 61. To
emphasize the modulated signal gain flatness aeguéncy Figure 62 provides more
detailed view of the signal power levels within le@arrier. The drop in gain towards the

higher frequency end is expected from the gainesuim Figure 59.
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Pulsed CW Signal Performance (10us/100us pulsed CW)
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Figure 58: Pulsed CW signal regime measurements gain and efficiency performance of the

compact three-way Doherty amplifier
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Figure 59: Modulated signal regime measurements @fain and efficiency performance of the

compact three-way Doherty amplifier
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LTE signal spectrum @ 768MHz (10MHz BW, 6.5dB Peak-to-Average Ratio)
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Figure 60: Spectral performance of the compact thre-way Doherty amplifier
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Figure 61: Spectral performance of the compact thre-way Doherty amplifier over carrier frequency

(constant input power to the amplifier)
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LTE signal spectra Gain variation with frequency
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Figure 62: Variation in modulated signal gain of the compact three-way Doherty amplifier over
frequency (constant input power to the amplifier clain)
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4.5 N-Way Compact Doherty Amplifier (Arbitrary Expansion)

4.5.1 Preliminary Remarks

We have seen in Section 4.3 and 4.4 that a theseBoherty amplifier can be
obtained from a two-way Doherty amplifier by replageither the main device branch or
the peak device branch by another two-way Dohemtpldier. Expanding a three-way
Doherty into a four-way Doherty can be achieveddyplacing any of its three branches
by another two-way Doherty amplifier. As stated $®ction 2.4, N-way Doherty
amplifiers have been proposed in many publicati@®, [54], [55] and patents [56].
However, the larger the value of N, the more pdesiays there are to configure the N-
way amplifier. What is sorely missing from the abewentioned publications, and those
like it, are the details as to why a specific N-wanfiguration was selected, and how it
performs. The result of this lack of attention tetadl is that many configurations that
have been suggested are sub-optimal. We will detraiashis for two examples in the
sub-sections below, where we will show by analygligy they are sub-optimal. Section

4.6 will show the optimal way to configure N-way Imeyty amplifiers®.

4.5.2 First Example of a Sub-Optimal Expansion

One way of expanding a two-way Doherty into an Ayviboherty amplifier is to
successively replace the main device branch offh&)-way Doherty to obtain the N-
way Doherty [55]. The result of the first subsiibut was already shown in Figure 52.
Continuing the main device branch substitution ba amplifier resulting from each
iteration we obtain the structure shown in Figui@ &he first indication that the
architecture in Figure 63 might be suboptimal is fact that the main device which is
active for all signal power levels (class-AB bias)arthest away from the node where

the load is attached, thus experiencing the higlosstlevels in the output path of all the

29 Note that here, and in the remainder of the thésisll be only the compact forms of the various
amplifier configurations that we will be concernsith.
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devices present in the architecture. This will niegly affect the gain of the Doherty
amplifier at all signal power levels. The secondigem with this architecture is more
subtle, and lies in the non-monotonic impedance utadidn for the main device (and
most likely for several adjacent peak devices &ogé N). In order to illustrate this non-
monotonic impedance modulation for the main dewicehis type of N-way Doherty

amplifier we will analyse the three-way scenarialapicted in Figure 64.

Main Device

P o [SMMN}

Y

5]

E
[s2"]
peak? Device El
[s="]
peaks Device Esl
[s="]

PPl | [ ||\1/|N]

n
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pP2 o | [ H\SN]

Y

Ppa - [ Il\éIN:I

Y

Peak(N-2) Device [%‘2)}
S

Peak(N-1) Device [%—1}]

Sl =,

Figure 63: Block diagram of the compact N-way Dohdy amplifier obtained from an (N-1)-way
Doherty amplifier by replacing its main branch by another two-way Doherty
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General calculations of impedances presented to#ie and peak amplifiers for various

output signal levefS.,

. | M [so™ ] =1
ZM

P1
. i i ———

I: OQ/IN:I —>

'
NV

Figure 64: Block diagram for impedance modulation lehaviour analysis

The impedance seen by the main device as a funofidranch currents at the
various nodes of the circuit as indicated in Figedds given by
Zs,
lu * 15 Zso
I M + l P1 + I P2

(23) Zy =

L
IM +|Pl

which simplifies to

I 2

(24) Z — IM IM+|P1+|P2201
A R N z2 "

M P1 M P1 02

%0 Currents at each of the combining nodes are asbtorige in-phase, more general treatment of cusrent
at combining nodes is covered in Appendix A
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The impedance seen by the first peak device asdifu of branch currents is

r 1 2
IM+|P1 ZOZ

(25) Z, =

which in turn becomes

—Il’\/|+|l':’l IM+|P1 Z§2
(26) Z, = —02

I
IPl IM+IP1+|P2 ZL

Finally, impedance seen by the second peak device i

Iy, +1p 1
(27) Zp2= M P1 P2 ZL

|P2

A low output power level implies that only the mamplifier is active and both peak

amplifiers are off. In that case we have: 20, I, 20 and1,, =1,,=1,,=0. Thus the

impedances in (24), (26), and (27) become

_Z5
(28) Zy ==52Z.; Z, =0, Z,=0
02

An intermediate output power level implies that mand first peak amplifiers are active

but the second peak amplifier is off. In that cagg#0, I,, #0, 1,20, 1, #0 and

|, =0. Therefore we have

T 2 [ 1 2
IM ZOl . —IM+|PlZOZ.
Zuz. Z,, =M P02,
I, +15, Z2 L, Z
M P1 =02 P1 L

(29) Z, =
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At high output power level all amplifiers are aetjvand so:l,, #0, I,, #0, 1, #0,

I, 70 andl,, 0. As a result

2
IM +|Pl+IP2 ZOl

I!
(30) Z,, =—1— 17,
IM+|P1 IM+|P1 ZOZ
] ] 2
(31) 7 =|M+IP1 IM+IP1 ﬁ
P1 I
IPl IM+IP1+|P2 ZL
and
_|M+IP1+|P2
(32) l,=——F—""=7

|P2

The main device impedance modulation ratio (raitwieen impedance seen by the main

device in the low power state to that seen in igh power state) is given by

33) N, =— Zy 7 :(I,;AH;J(IMHM)
| |M+|P1+|P2ﬁz lM(|M+IP1+|P2)
Il:/|+||’:’1 IM+|P1 ZSZ -

In the symmetric casel( =1, and I,, =1, =1,,) the main device impedance

modulation ratio is

a w2 (1) +12)

_4
II:/I(IM+IP1+|P2) 3

This is actually lower than that of the symmeti®{way Doherty (\N,, =2 ) and so is

not optimal for maximizing the amplifier efficien@erformance.

The only way to increase the main device impedamoelulation ratio is to use an
asymmetric configuration where the first peak devioust be larger than the main
device. Increasing the size of the second peakcdewill decrease the main device
modulation ratio. Having the first peak device &rghan the main will cause the
impedance presented to main amplifier to non-mamoédly decrease with an increase in

the output power levels. This can be seen by coimgpaexpressions forZ,, in
intermediate and high power cases. This meansfttiet main amplifier output matching
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network is designed to saturate the main ampl#tehe intermediate output power level
it will clip the signal at high output power level§ it is designed to saturate the main
amplifier at the high output power level it will hbe as efficient at the intermediate

power level.

4.5.3 Second Example of a Sub-Optimal Expansion

Another way of expanding two-way Doherty into anwidy Doherty is to
successively replace the first peak device braricheo(N-1)-way Doherty to obtain an
N-way Doherty [56]. The result of the first substibon was already shown in Figure 57.
Continuing the first peak device branch substituttm the amplifier resulting from each
iteration we obtain the structure shown in Figufe @he first indication that the
architecture in Figure 65 is suboptimal is the thett the first peak device, which is the
most active of all peak devices (shallowest Cladsas), is farthest away from the node
where the load is attached. It thus experiencesititeest loss levels in the output path of
all the peak devices present in the architectulne. Second problem with this architecture
is similar to the previous case, and lies in the-nmmnotonic impedance modulation for
the first peak device. All the drawbacks describbethe previous case as applying to the

main device now apply to the first peak devicehia present case.

4.5.4 Improved Course of Action

We have described only two out of many other sirtylsub-optimal ways to
expand to an N-way Doherty amplifier from a two-widgherty amplifier. The N-way
Doherty obtained through an arbitrary expansio8]([fo9]) where any one of the
devices in the (N-1)-way Doherty (with exceptiontloé last peak device) is replaced by
a two-way Doherty will suffer to various extentsrir the drawbacks described for the
two cases discussed above. In the next sectionilvdescribe a better way to generate
N-way Doherty amplifiers.
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Figure 65: Block diagram of the compact N-way Dohdy amplifier obtained from (N-1)-way Doherty
amplifier by replacing its first peak branch by anaher two-way Doherty amplifier
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4.6 Compact N-Way Doherty Amplifier: Last Peak Amplifier of
(N-1)-Way Doherty Replaced by a Two-Way Doherty
Amplifier
As shown in Figure 66, the architecture of the paot three-way Doherty
amplifier of Figure 56 can be extended to a genlralay compact Doherty amplifier
(having a main amplifier branch anN-{1) peak amplifier branches, whele3), using
the design-extension technique of repeatedly reglaihe last peak amplifier branch of

the (N-1)-way Doherty amplifier by another two-way Dolyeamplifier.
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Figure 66: Block diagram of the new compact N-way Bherty design derived from an (N-1)-way
Doherty by replacing its last peak amplifier by andher two-way Doherty
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Extending the design by replacing the last peakldier branch by another two-
way Doherty amplifier has a consequence that thie mevice is directly connected to
the main combining node, and the peak devicesttinaton earlier are closer to the main
combining node, which is desirable.

Note that, in Figure 66, the first peak amplifieanch is connected to the main
amplifier branch by a first common peak output rhatg network and each other peak
amplifier branch is connected to its preceding paaplifier branch by a common peak
output matching network, except for the last twakpamplifier branches, which are not
interconnected by a corresponding common peak obutpatching network. The
functionality of that last common peak output matighnetwork may be said to be

subsumed the peak output matching network of thtepk@ak amplifier branch.

— "]

I,
s =

ZPl

Figure 67: Block diagram for impedance modulation lehaviour analysis

We will once again analyze the impedances preseotede main and peak amplifier
devices for various output signal level scenarmsthe three-way realisation of Figure

66, namely that shown in Figure 54.
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The impedance seen by the main device as a funatitire branch currents at the various

nodes of the circuit in Figure 8%s given by

ZZ
(39) 2w ST+
M P1 P2 Z
L
IM

which simplifies to

2
(36) Z, = u Zo

Iy +lpr+1pp 2y

The impedance seen by the first peak device idaiypigiven by

2
ZO3
' [ 2
IP1+|P2 ZOZ
IM +|Pl+|P2

(37) Zp =

L
IP1+IP2

which reduces to

2
+|P1+IP2 ZO3

2
P2 ZOZ

(38) Z, = ey L Z

The impedance seen by the second peak deviceums@oh of branch currents is given
by the expression

[ i 2
|P1+IP2 ZOZ

39 Z,, =
%) P Iy +1p + e,

L
IP1+|P2

which can be written as

31 Currents at each of the combining nodes are asbtorige in-phase, more general treatment of cusrent
at combining nodes is covered in Appendix A

105



r 2
+ IP2 IPl P2 ZOZ

[
|P2 IM+|P1+|P2 ZL

! +
(40) Z,= ey |

A low output power level would mean that only thaimamplifier is active and both

peak amplifiers are off. In that case we havg, #0, 1,#0 and

o, =lo, =1 =15,=1,,=0. Expressions (36), (38), and (40) then become

2
:Zm.

41 z
(41) )

Zp = Zp, =

At intermediate output power levels the main amst fpeak amplifiers are active, and the

second peak is off. In that case we hayez0, I, #0, 1,#0, 1,20, I #0,
l., =0 andl,, =0, and expressions (36), (38), and (40) become

2 2
v Zoy . 7 :|M+IPlZO3
P1

(42) Z, = : i
IM+IP1 ZL IPl Z§2

Ly, =

A high output power level requires that all amgli§ are active. In that case we have

I, #0, 1, #0, 1,,#0, 1,,#0, 1, #0, |,,#0 and |, # 0, so that

| Z?2
(43) z,=——H™M" 9
IM +IP1+IP2 ZL
| [+, +1,, Z2
(44) Z — P1 M P1 P2 03
P 1+ z2 "t
P1 P2 P1 P2 02
and
1L +1! [, +1 Z?2
(45) Z — P1 P2 P1 P2 02
P2 ]
|P2 IM+|P1+IP2 ZL

The main device impedance modulation ratio (rationgpedance seen by the main
device in the low power state to that of the higlwver state) is given by
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2
Zo

(46) N, = Z . :|M+|P1+IP2
l @ "

Iy +lp+1pp Z,

In the symmetric casd (, =1,, = |,) this gives
(47) N, =3

This is equal to that of the two-to-one asymmetino-way Doherty, and is optimal for
maximizing the amplifier efficiency performance.
To further illustrate that all devices experiencenmtonic impedance modulation we will

assign the specific characteristic impedance values

Z, Z,

(48) 2y =1, Zy, :70 ; Ly =2y, Z = ?

to the each of the quarter-wave transformers iruéigs7 to produce the symmetric

design that will load each device wi#), at the amplifier's maximum power level when

each device is providing equal power contribution.

Under low output power level conditions this wouddult in
(49) Z,=—2=3Z, Z, =; Z,, =

Under intermediate output power level conditiorss(aningl,, =1,,) we would have

| Z2 3 I+, Z2 8
(50) ZM :—l -'|\-A| Z_OlZEZO; ZP1=—MI Plz_(;gZLZE’ZO; ZP2=OO
M P1 L P1 02

Under high output power level conditions (assuming=1,, =1,, and 1, =1;, ) we

would have
2 2
(51) ZM :—IM é:lﬁ: 0
IM-'-IP1+IP2 ZL Bé
3
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2
IM +|P1+IP2 ZOS

I 1322
2 T S, 22 2272 3 b
pr T Ip2 p1 T lpo 02 Lo
4
and
Z;
I + ] + 2 -
(53) ZP2=|P1'IP2 I+ 15, @zzg%zzo
lpy Iy +lp e, 2, 34,
3

This configuration provides monotonically decregsioad impedance presented
to each individual amplifier with increasing outppower. This allows for design of
output matching networks that can keep each indalidmplifier as close to saturation as
possible (thus operating with high efficiency) &k output power level situations.

By using three identical devices in the symmetrasgign with 3-to-1 load modulation of
the main device, and provided that the main dedmes indeed have a power back-off
capability of 4.7@dB (that corresponds to 3-to-1 load modulation), #whievable
maximum efficiency power back-off becomes @B4This yields a maximum power
equal to three times that of the single device, tnmmgortantly maintaining the high
efficiency over the upper 9.8B of the amplifier power range. This means that the
modulated signal with a 6B peak-to-average ratio can be backed-aiB 3n power
without penalty in efficiency.
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4.7 Conclusion

Although the conventional two-way, three-way angvly Doherty amplifiers are
known in the literature, we believe that these igurhtions have not been subjected to
critical analysis and so have been less undergt@dcould have been the case.

What we have called the compact versions of taegdifiers has been introduced
in this chapter for the first time. Although thigw idea is based on not cascading
separate impedance inverters and offset linesrta the output sections of the amplifier
branches, it is more than this. It allows one thiewe optimal impedance modulation
through an optimization process rather than pregioed notions of what the constituent
parts (namely inverters and offset lines) must s&ply do before being cascaded. This
has been demonstrated both in simulation and expetally in this chapter for compact
two-way and three-way Doherty amplifiers designsthg the new design methods that
will be the subject of Chapter 5 and Chapter 6. phgsical circuit simulations and
optimizations used were done using the Microwavéc®fSoftware of Applied Wave

Research (AWR), as previously mentioned in Chapter

There are many ways to extend the two-way ampldenfiguration into an N-
way Doherty amplifier, but no references have bieemd that examine precisely which
approach is the best. This has been done in tleeprehapter. We have shown through

analysis which expansion method is superior tothiérs.
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Chapter 5

5 Doherty Amplifier Design Synthesis Techniques
Based on Transistor Load-Pull Measurements

5.1 Introduction

The need for better design procedures for Dohertglifiers has been argued in
Section 1.5 and 2.7. In this chapter we will introd such improved Doherty amplifier
design techniques, that will take us from the afigolperformance design specifications,
through use of load-pull data that characterizes #ative devices, the impedance
modulation effects that take place at amplifiesnbining node(s) to the functional
design of the amplifier. We will use amplifier pemihance specificatiofs together
with active device load-pull dath along with constraining conditions related to
impedance modulation ratio at amplifier node(s) #mel related impedance modulation
that the main device itself undergoes (that makeathplifier design viable), to obtain the
S-parameters required of each of the passive tirblocks for the amplifier
configurations in Figure 70, Figure 75, and Figtiée
The authors of [60] and [61] are also concernedh wéiducing the physical size of the
output combining networks of Doherty amplifiers.[60] a length of line is retained as
part of an impedance inverter, but the structurshertened compared to a quarter-
wavelength by loading it with shunt capacitors.[@i] the quarter wave impedance
inverter is completely implemented using lumped porents (that is, there is no
transmission line used) but the inverter is siplecitly used. The work closest to that
developed in this chapter is that published in [82]ich appears to have been completed
sometime after that described in this chapter [83]any rate, the treatment in [62] is

32 such as maximum output power, efficiency, gaifin §jaearity, etc

3 that characterizes the behaviour of the activaécgsv
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based on certain assumptions which are not negefmathe more general method of

calculation adopted here.

In section 5.2 we discuss what load-pull data eézessary (for the design
procedure) for each of the devices in the amplifong with suggestions for the
selection of impedance points from the data sets\ifil lead to a viable final design and
fulfillment of the performance specifications. “light be thought that load-pull
techniques, along with the slide rule and the atbtine, would be teetering on the brink
of extinction due to the availability and almostiwansal intrusion of the (modelling)
approach into RF circuit design. Judging, howevsr,the continuing evolution and
availability of more complex and versatile commakrépad-pull hardware, it would seem
that this is a preserve which has successfullyigedvthe (modelling) revolution”. This
comment* was made in 2006, but remains true at the tinteefvriting of this thesis. In
this thesis we will develop an improved design radtbased on measured load-pull data
that allows subsequent analysis based on analyigatessions without the need for
additional models of the active devick.a behavioural (or other) model is indeed
available then the model can be load-pulled (“aftdoad-pulling) and this data used to
do the PA design via the new method. Unfortunatelich device models are usually
only accessible from vendors for devices that Haeen around for some time. It is true
that, at the time of the writing of this thesis, least one vendor will provide device
models prior to actual production devices beinglalke. In such cases the model can be
load-pulled and the new design method used. Ifatttaal transistors are available it is
best to load-pull the actual device of course, prg-production device samples are
seldom forthcoming from vendors.

Section 5.3 deals with the design of a fixed-inpover-splitDoherty amplifier.
The design procedure is subdivided into severdisex

= Section 5.3.1 provides the description of fiveed-input-power-split two-way
Doherty amplifier and its constituent parts.

% s.C.CrippsRF Power Amplifiers for Wireless Communications (Artech House Inc., 2006Y2Edition.
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» In section 5.3.2 the input split ratio, and the maombining node impedance

modulation ratioN_,, calculations based on the selection of certainestapce

points® in the load-pull data are presented. Without efasgsad-pull data (which
is generally unavailable or ignored) neither carmabeurately determined.

= Standard expressions used for dealing with two-poitching networks
characterized by S-parameters are given in Sebt3.

= The calculation of S-parameters of main input matghetwork, peak input

matching network and the node transformer basetinpedancesz!' , z£, and

Z_ .. respectively is shown in Section 5.3.4. In thendéad approach these are

node
implemented as circuits which is time consuming iafléxible.

= The derivation of the main device impedance modhratatio, based on the
selection of the main device high-power impedar&;g and high-efficiency
impedanceZ,,. from the main device load-pull contours, is ddsedi in Section
5.3.5. In the standard approach this is assuméxd tan integer disregarding the
actual value of the combining node impedance maidunaatio.

= The derivation of the closed form expressions thilt yield the S-parameters
required for the main output matching network, blase the selection of the main

device high-power impedancé,,., the high-efficiency impedanc&,,., the
designer-selected impedang, .., and the main device impedance modulation
ratio N,,, is presented in Section 5.3.6. In the standandrogeh the time

consuming circuit implementation is used thus lingitthe number of variations
that can be examined.

= The derivation of the closed form expressions thilt yield the S-parameters
required of the peak output matching network, basethe selection of the peak

device high-power impedancg,,, the peak device off-state impedarngg. , the

designer-selected impedande, ., the peak device impedance modulation ratio

35 Main device high-power impedanceg,,, , and peak device high-power impedanfg, , and associated

performance parameters from the load-pull datacfezach device
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N,, and the main node impedance modulation r&djg, , is given in Section

5.3.7. In the standard approach the time consuginegit implementation is used
thus limiting the number of variations that canex@mined.

= The derivation of the port voltage transfer funetiof an S-parameter
characterized two-port network terminated in aditload that yields the voltage
phase delay is given in Section 5.3.8. This is adetb complete the design
process. The standard approach deals with thisthfteprototype is built.

= The design process flowchart summarizing the cotaptiesign procedure is

provided in Section 5.3.9.

Based on the expressions derived in Section SuB,ifzorporating additional
degrees of freedom available from the independerthtrolled inputs to the main and
peak devices, we present in Section 5.4 the degsigonedure for acontrolled-main-
device-compression two-way Doherty amplifier.

The design procedure for thi&ed-input-power-split three-way Doherty amplifier,
as an extension to the fixed-input-conditioningetix power-split two-way Doherty
amplifier, with the additional complexities fullgldressed, is the subject of Section 5.5.

Section 5.6 provides some conclusions for the teapith references listed in
Section 5.7.

5.2 Load-Pull Data Needed

To design a two-way Doherty at least three skteaw-pull contours are used at
each frequency of interest. For the main device, $ets of constant-compression load-
pull contours are used, for example, high-compoes&XB compression or higher) load-

pull contours for selection of impedancg,, that is associated with high-power

performance of the main device and low-compresg&aooa dB compression) load-pull

contours for selection of impedan@g,. associated with high-efficiency performance of

the main device that are obtained for the main aewperating under class-AB bias
conditions. The compression value that is useceszbe constant compression contours
is the amount of gain decrease from the maximuralldwor the peak device, one set of

constant-compression load-pull contours obtainadeurlass-C bias conditions is used,
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for example, high-power,dB-compression contours, to obtain impedar&g that is

associated with the high-power operation of thekp#evice. The measurement of the

peak device off-state impedancg,.,. for the low-power operation is needed to

characterize the loading the peak branch will erarthe main branch while the peak
device is disabled. Because a class-C device Hasver gain, it will undergo lower
compression compared to the main device. For tlee e the peak device,dB&
compression can be considered high compression.

Load-pull data is obtained for the devices théitlve used in the amplifier design
and construction. The devices are measured undesdime (or similar) biasing and
power conditions under which they are intendedetaed. The load-pull data consists of
input power sweeps done for each of the load impesa presented to the device. The
load-pull setup consists of a vector signal gemeyaource impedance transformer (e.g.,
the source tuner cascaded with the device inpuurk), the device under test (e.g.,
transistor), load impedance transformer (e.g.ddndce output fixture cascaded with the
load tuner), and vector a signal receiver. A seloafl impedances to characterize the
device under test is selected. Several trial measents may be required to determine the
optimal set of load impedances. Once the devicaiased for desired operating
conditions, for each of the load impedances preserib the device by the load
impedance transformer, the input power is swept averescribed range, and various
performance parameters of the transistor are redor(e.g., output power, gain,
efficiency, AM-PM, insertion phase, drain currerdic.). The measurements are
performed according to the following nesting:

Set bias
Set frequency
Set load impedance
Sweep input power and collect measured data
Next load impedance
Next frequency

Next bias
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The measurements are taken for various biasingitiamsl (class-AB, class-B, class-C of
various depth®). The measurements are often done for more tharfrequency to get
better characterization over frequency. The data sbtained at each frequency of
interest are used to characterize amplifier peréorce at that frequency. For each value
of load impedance, the device (keeping the samatippwer conditions) will have
different performance regarding output power, gaimgd efficiency. From the load-pull

data the designer chooses the main device loaddiamge Z,,, with associated output

power, gain and efficiency that satisfy the highwpo requirement for the main device.

Another impedanceZ,,. is selected for the main device with associatefpudupower,

gain and efficiency but this time to satisfy thgthefficiency requirement at power back-
off for the main device. For the peak device impe#aZ,, associated with high power
performance of the peak device is selected.

In the design synthesis procedure, the load-path dare plotted in constant-
compression contour format to facilitate the visselection of the impedances. This is
similar to topographical maps with constant eleratontours, where it becomes easy to
locate mountain peaks or plateaus. Since the Dplaeniplifier synthesis procedure is

only based on selection of several discrete impeglgoints ¢,,, for the main device
high-power performanceZ,,. for the main device high-efficiency performanced &,

for the peak device high power performance) theuwegd load-pull data needs to only
extensive enough to capture regions of interestrevh@ain device has high power and
high efficiency performance and the peak devicé Ipigwer performance. To synthesise
N-way Doherty amplifier two sets of constant congsien contours are needed for the
main device load impedance selections: high-consmrascontours for high power

performance Z,,) and low-compression contours for high efficienggrformance
(Z,)- For each of the peak devices one set of constampression contours is needed
for selection of high power performance loading euances Z..), the off-state

impedanceZ, .. also needs to be measured.

% Usually the device input terminal class-C biasxpressed relative to class-AB bias by indicathrey t
difference of the class-C and class-AB bias (clas&lass-AB-V or simply AB-1V).
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In the analysis procedure, the load-pull datapdogted in constant-input-power
contour format to facilitate the tracking of theatbimpedance modulation effects that
result from convergence calculations in the passiveuit part of the network (main
matching network, peak matching network, node magcmetwork). The impedance
modulation for the main device will usually invohanly impedances in the region

between the main device high power operation logoedanceZ,,, and high efficiency
operation load impedancg,,. . For symmetric two-way Doherty designs this impexa

region may not be very extensive and collected -fmatl data set needs only be large

enough to encompass an area in impedance spaagesitffo contain theZ,,, and Z,,,

along with other loading impedances lying on vasiopossible trajectories that
impedance modulation process may take the maincéetfirough in the course of
Doherty amplifier operation. However in the case asfymmetric two-way Doherty

amplifiers or N-way Doherty amplifier the separatioetweenz,,, and Z,,. for the main

device can be quite substantial and captured lodlddata set will need to be larger to
accommodate it.

For the peak devices the load-pull data set needsver as much of the smith
chart as possible because of the more extreme smpedmodulation that peak device
undergoe¥. For N-way Doherty amplifiers the class-C datadse® be obtained for
various values of gate bias and possibly for varigalues of drain bias. The power
sweep does not have to have the same number dfspmsnthe impedances are swept
through the smith chart, impedances close to tgh-power point will have full set of
power points where as the impedances quite distamt the high power points may be
characterized by a reduced set of power pointsaflmxthe device operates at low power
levels for these particular points).

Example of impedance selection for the design dhrae-way Doherty main

amplifier (Z,,,) in class-AB (quiescent drain current of approxieha 1200nA) from

3" This is due to the fact that the peak device logmkdance starts from the edge of the smith chatte
off-state, and it traverses th&,,.- (complex conjugate of the peak device off-statesdgnceZ oo ) on

its way to Z,, which it reaches when the peak device is in higivgy mode of operation.
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constant compression load-pull contours fdBland 5.8B compression are shown in
Figure 68.
Example of impedance selection for the design dhrae-way Doherty peak

amplifiers, the first peak deviceZf,,), and the second peak devicg.{,) in class-C

(obtained for gate bias voltages of -N7&nd -V relative to the class-AB bias) constant
compression load-pull contours for @Band 2.8IB compression are shown in Figure 69.
These sets of load-pull data were used in the desiga three-way Doherty amplifier
hence multiple class-C load-pull contours underowar gate bias conditions.

The sample of the load-pull data in text formahswn in Table 1.

gama_srcl gama_| d1 Pin_av Pout G Ef f Vi nph Vout ph T_ph
Re I'm Re I'm [ dBm [ dBm [ dB] [%4 [rad] [rad] [rad]
-0.8511 -0.0359 -0.9270 -0.1683 40.500 51.897 11.397 59.920 -2.486 -4.095 -1.610
-0.8511 -0.0359 -0.9270 -0.1683 41.000 51.972 10.972 60.166 -2.486 -4.100 -1.614
-0.8511 -0.0359 -0.9270 -0.1683 41.500 52.039 10.539 60.386 -2.487 -4.105 -1.618
-0.8511 -0.0359 -0.9270 -0.1683 42.000 52.099 10.099 60.586 -2.488 -4.110 -1.623
-0.8511 -0.0359 -0.9270 -0.1683 42.500 52.154 . 654 60. 768 -2.488 -4.115 -1.627
-0.8511 -0.0359 -0.9270 -0.1683 43.000 52.203 203 60.931 -2.489 -4.119 -1.630
-0.8511 -0.0359 -0.9270 -0.1683 43.500 52.246 746  61.071 -2.490 -4.123 -1.634
-0.8511 -0.0359 -0.9270 -0.1683 44.000 52.283 283 61.185 -2.490 -4.127 -1.637
-0.8511 -0.0359 -0.9270 -0.1683 44.500 52.313 813 61.276 -2.491 -4.130 -1.639
-0.8511 -0.0359 -0.9270 -0.1683 45.000 52.333 333 61.351 -2.491 -4.133 -1.643

NN®©®®©©o©

Table 1: Load-pull data sample

The first two columns in Table 1 represent the seueflection coefficient as complex
numbers in Cartesian format. The next two columegresent the load reflection
coefficient as such complex numbers. The availaipat power indBm is shown in the
fifth column. The sixth column contains the meadupewer delivered to the load in
dBm. Gain indB, shown in the seventh column is the difference betwpower delivered
to the load and available input power. The efficieshown in the eighth column is the
ratio of the RF power delivered to the load and@M@& power consumed, expressed as a
percentage. The remaining three columns contaisephdormation, namely that for the
input voltage, the output voltage, and their défere (that is, the phase delay),
respectively.
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(b)

Figure 68: Class-AB constant compression load-putiontours for (a) 1dB compression and (b) 5.3dB
compression
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(b)

Figure 69: Class C constant compression load-pulbatours for (a) 0.6dB compression and (b) 2.3dB
compression
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5.3 Two-Way Fixed Input Power Split Doherty Design

5.3.1 Two-Way Doherty Amplifier with Fixed Input Power split

Figure 70 shows a block diagram of a fixed-inpawver-split, two-way Doherty
amplifier having. This architecture was introdudedSection 4.%. a main amplifier

branch and a peak amplifier branch.

Main R
Device
Ry e Ry [ Sn ]
I:i)n : > B | [SNode]
i S Pt T!zL
i . s L
[ SIDMN } z, [ eak ]
Py z: Q

Figure 70: Block diagram of a fixed-input-conditioning power-split, two-way Doherty amplifier

An input signal is applied to an input power &pti, which splits the input signal
power, according to a fixed ratio, between the mamplifier branch and the peak
amplifier branch.

For low signal power operation, the peak ampliieanch is inactive (e.g. this is
achieved by biasing the peak device in class-@) slat all amplification is provided by
the main amplifier branch. During high signal poweeration, the peak amplifier branch
is active (e.g., the signal amplitude is large @oto turn on the peak amplifier device),
and so amplification is provided by both the mainpéfier branch and the peak amplifier
branch. The intended intermittent operation of gkak amplifier device as a function of
the input power is achieved by operating it as assIC amplifier, while the main
amplifier device functions as a class-AB amplifi€o. achieve higher efficiency, some of
the high linearity of operation of class-A modetraded off for efficiency by going to

class-AB mode. The trade-off could be anywhere betwclass-A and class-B, hence,

3 Note that althe Doherty amplifier configurations discussedeladter in this thesis are the compact forms
introduced in Chapter 4.
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class-AB which can vary from very close to classeAvery close to class-B. This is the
designer’'s choice. The goal of the Section 5.3oipresent the complete new design
procedure for a two-way Doherty amplifier. Althoughis meant as a summarising
diagram, the flow chart presented in Figure 73atdnd of this section might serve as a

convenient guide when reading the quantitativeildeta

5.3.2 Design of a Fixed Input Power Split Two-way Doherty
Amplifier
The design of the two-way Doherty amplifier ofjiie 70 focuses on three main
regions of the architecture: the input power sgljtthe main and peak output matching
networks, and the node matching network. The outpatbining network (consisting of
the main, peak, and node matching networks) isgdesi based on the combining node

impedance modulation rafid N_,,, which is a function of the maximum power

delivered by the main and peak branches. The desigill select an appropriate value

for the combining node impedance modulation rajg,, based on power and efficiency
specifications. To obtain the desired value Nf , the designer will use, as will be

shown below, the high-compression main and peakigenpdevice load-pull contours
(for example, @B for the main device anddB for the peak device) to make a selection
of loading impedances for the main and peak devinesrder to realize specified
maximum output power requirement. The value is umajuely determined and could
have any value in the range 1.5 to about 4. Howewerwill see that values ranging
between about 2 and 3 turn out to be the bestdemith practical devices.

The input power splitter is designed to providput power for each device to
produce output power levels that will achieve tipedance modulation range for which
the node matching network was designed. Becauspdak device, which is biased in
class-C mode of operation, has a lower gain thantlain device, and because the

impedance modulation ratio may need to be grehger 2 for the amplifier to satisfy the

39 Note that this is not the same as the main démipedance modulation ratibl,, nor the peak device

impedance modulation ratit, .
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efficiency requirement at an output power levelt tisabacked off from the amplifier's

maximum power, the input power splitter generaligyides unequal power splitting that
steers more input power toward the peak device.ratie of input powerP\ to the peak
device, to the input powePy to the main device, is determined from the maximum
output power provided by the main deviB¥ , the corresponding main device ga ,

the maximum output power provided by the peak de¥f, and the corresponding peak

device gainG" This is easily seen to be

P

_P_
Pv - G° _G"R
PM PPM GPPPM

M

P
P

(54)

®

The load-pull data needed for the design of the-way Doherty amplifier has
been outlined in Section 5.2. A set of high-comgias (3B or higher) class-AB load

pull contours is used to select the main devicelit@pimpedanceZ,,, with which the
main device can operate in the high power regimsetfof low-compression dB or so)
class-AB contours is used to select the main ddeiading impedance,,. with which
the main device can operate in high-efficiency megat low power. The impedang,
will have a lower power associated with it; wherdhe impedance,,, may have lower

efficiency associated with it. As the input powecreases the main device is presented

with impedanceZ,,. until it reaches dB compression; at which point, the peak branch

becomes active and starts modulating the load iampes of the main branch from the

high-efficiency/low-powerZ,,,. point toward the impedance poittt,,, *° associated

with high power operation, while increasing the poession of the main device whose

load impedance will eventually beconZ,, in 3dB compression (or higher) contours.

For the peak device, one set of constant-compnedsax-pull contours obtained under

“0 Thorough out the thesis we will refer to the comibg node side impedances with a subscript starting
with "L" (standing for Load, €.9Z, 0, Z,pp: £ porr » €tC), While the corresponding device side

impedances will be denoted by omitting "L" from thebscript (e.9Z,p, Zpp, Zpoer » €1C)
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class-C bias conditions is used, for example, Ipigiver B-compression contours, as
well as measurement of the off-state impedancesak plevice for low-power operations
during which peak device is disabled. Because ssdladevice has lower gain, it will
undergo lower compression. Since the peak devisedvaer maximum gain due to its
class-C bias, it cannot be compressed too muchréét® gain becomes inadequate.
Hence, tIB compression is considered high for the peak device

Load-pull data is obtained for the devices théitlve used in the amplifier design
and construction. The devices are measured undesdime (or similar) biasing and
power conditions under which they are intendedga$ed. The measured data provides
the relationship between input and the output efdbtive device under various loading
conditions, such as those that occur in the Dohanrtplifier where two branches interact
at the node. The data allows us to calculate thporese from the transistor based on the
interactions of the branch signals at the combimiade which are power dependent. The
data obtained at each frequency of interest is tsetharacterize amplifier performance
at that frequency. For each load impedance, th&cedkeeping the same input power
conditions) will have different performance regagibutput power, gain, and efficiency.
The designer needs to select such device load iamped that the main and peak devices
can deliver performance sufficient to meet the dineplspecifications. Load-pull data
allows the designer to pick a load impedance forclwithe main device performance

satisfies the high-power requiremefd, (), a load impedance for which the main device
performance satisfies the high-efficiency requiratreg power back-offZ,,. ), as well as

impedances for which performance one or more pesdices satisfies the high-power

requirement Z,.,). In the design synthesis procedure, the load-gath are plotted in

constant-compression contour format to facilitée visual selection of the impedances.
This is similar to constant elevation contoursopdgraphical maps, where it becomes
easy to locate mountain peaks or plateaus. Inrnhbsis procedufe, the load-pull data
are plotted in constant-input-power contour fornat facilitate location of new
impedances that result from convergence calculsitionthe passive circuit part of the

network (main matching network, peak matching nekwamode matching network).

*1 To be discussed in Chapter 6.
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Once the designer makes the impedance selectiad lmasthe amplifier specifications,
subject of course to restrictions imposed by thett®sis algorithm (to ensure that the
solution can be implemented), the analysis algorithill calculate the response of the
amplifier that results from the designer’s selat$io

The impedance modulation ratiN of the output combining network

comb

determines the range of impedancgs, <Z,, < Ny wZ.e that will load the main

output matching network, wher& is the impedance at combining node looking

node

towards node matching network, ad,, is the load impedance of the main branch

(defined in section 2.3), which varies betwegp, and N ,Z . as input powerP,

node

increases. The combining-network impedance moduiattio N, is defined as
M, pP
(55) Nconrb :#
PP

where P)' is the maximum output power of the main device&telent onz,,.) and PY
is the maximum output power of the peak device édejgnt onZ,,). P)" comes from

the high-compression 8 or higher usually) main device load-pull contowile Py
comes from the high-compression @B3o 1dB or so) peak device load-pull contours.
The value of the combining-network impedance matioh ratio N, is
affected by the selection of the high-power, mampedanceZ,,, using the main-device,
3dB (high-compression) load-pull contours and by $klection of the high-power peak
impedance Z,, using the peak-devicedB (high-compression) load-pull contours,

because the selection of these impedances willgghtire amount of power delivered by
the devices.

In addition, using the main-deviceBR. (low-compression) load-pull contours, the
high-efficiency main impedancg,,. is selected to satisfy the efficiency requiremaint
the power back-off level.

Where:

« Z,, is the impedance presented to the peak devicaglhigh-power operation;
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* Z, is the impedance presented to the main deviceglinigh-power operation;

and

« Z, is the impedance presented to the main devicenglaverage-power, high-

efficiency operation.

5.3.3 Generic Matching Network

Figure 71 shows a generic matching network teabeith in a source impedance

Z, and load impedancg, , and their respective voltage reflection coeffitgel { and

M.

L S Se J
z. <—‘ S; Sy r 7 =2

Figure 71: A generic two-port network with associatd notation (after [64])
The transfer function of each of the five matchmetworks may be represented

by an S matrix that transforms complex incidentaggs into complex reflected voltages

according to Equation (56) as follows:

(56) [V{} = {S“ S“}[Vi} [64 p.174]
V2 %1 S22 V2

whereV,” andV, are the complex voltage waves incident on posd 2, respectively,
V" andV, are the complex voltage waves reflected from pbi@sid 2, respectively, and
S, are the four S-matrix parameters. From these ge#tand S-parameters, the relevant

impedances can be derived for matching networks vare-versa.
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The input and output voltage reflection coefficeey, and I'y,; [64 p.174] for this

generic matching network in Figure 71 are given by

(57) SRR
1-S,0,
and
— SlZSerS
58 Mr,.=S +--2=2rs
(58) our = S 1-S,T

whereSy 1, Sio, $31, andS,; are the elements of the network S matrix. We naéd (57)
and (58) in Section 5.3.4.

5.3.4 Scattering Matrix for Input Matching Networks and Node
Matching Network

Since the main and peak input matching netwonnkistae node matching network,

convert the system reference impedaégeg(usually 5@) to arbitrary known impedance,
the calculations for these three networks can Ime do the same way.

The main input matching network converts the outipnpedance of the main
branch of the splitter (usuallg,) to the known source impedanZg, to be presented to
the input of the main device. Note that the soumspedanceZ,, is the impedance

looking into the main input matching network frohetmain device side in Figure 70. As

stated in Section 5.2 , the source impedafige is known from the load-pull data, so the
impedance conversion performed by the main inputchimag network is fromZ, to
Zqy -

The peak input matching network converts the wuimpedance of the peak
branch of the splitter (usuall¥, ) to the known source impedangg, to be presented to
the input of peak device. Note that the source aapeeZg, is the impedance looking

into peak input matching network from the peak dewside in Figure 70. This source
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impedanceZg, is also known from the load-pull data, so the idgee conversion
performed by the peak input matching network isnffy to Zy, . Going in the opposite
direction, the node matching network converts avkmautput load impedance,
(usually Z,) to a known calculated node impedarxg, at the combining node.

In essence, this impedance transformation proceshe same for all three
matching networks; only the target impedance chaufpeing eitheiZg, , Zo, or Z, .. ).
Referring to Figure 71, the output load impedaZtealways equals taZ,, and Z,,
always corresponds to eith@, or Z, at the respective device input, gy, at the

combining node. Thus, for the main and peak inpafiching networks, the output load of
Figure 71 corresponds to the upstream, splittex sfdhe network, whereas for the node
matching network the output load corresponds todhgput load of Figure 70 at the
downstream side of the network.

We next derive some general (and known) expresdimm S-parameter theory,
and then indicate their application to the inputtchang networks and the combining
node output matching network. For an output loagddanceZ, equal to the system

reference impedanc&,, the load voltage reflection coefficierit, =0. Substituting

', =0 into expression (52) the expected result is

(59) SHE I [64 p.174]

In other words, the paramet8y; will be equal to the input voltage reflection dogént
Iy » Which is known from the load-pull data. In theseaf a complex conjugate match,

rg=r,, andrl,, =0, where the prime indicates complex conjugatione Tase of

complex conjugate match is the condition that maeas the power transfer, but other
conditions can be used. In those other calsSgsnd ', ,; will be specified differently but
the rest of the calculation is done in the same, widt results that will reflect changes in
the specification ofl and I,,; . Applying the equalitied ¢ =I"\, and I',,; =0 to

expression (58) yields
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(60) I'OUT:Szz+ﬁ:522+8218—1f"’\‘:822+82§1£n; =0.
1-Sfs 1-T iy l—||_|N|

Solving expression (60) f&, gives

__SuSd
(61) S,=-—=—0
1= |
Since the S matrix for a lossless, passive ciisuinitary, we hav¢S] =[S]|™. In other

words, the complex-conjugate transpose of a unanyatrix will be equal to the inverse

of that S-matrix. Since the product of an S maanixl its inverse is equal to the identity

matrix, multiplying [S']T :[S]'l from the left by[S] produces the well-known condition

[64]

BRI
S, S,|lS, S, 01

which of course means that

(63) S +sd" =1,

(64) S:S,,+S,,5,,=0,

(65) S,S,,*+S,S5,,=0,

and

(66) IS,|" +|S, =1.

The matching networks are reciprocal which impli&s=S,,, this also follows from the

unitary properties of the matrix. Applying this edjty together with expressions (59)
and (63) yields

(67) |Szl|2 :|812|2:|821Slzl:1_|8112:1_|FIN|2‘

Expression (67) implies that
(68) 521512:|821514em :(1_|r|N|2)eW'
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where ¢ is the phase of the complex quantity on the lefichside, which is a function of

the network electrical length and is related to pinase and time delay of the signals
propagating through the network. Higher insertitiag®e is associated with longer delay.

SinceS,; =S, expression (68) implies that

@
(69) S, 2821:\/1_|F|N|Zejz

Substituting (69) into expression (61) providesuits

ST [Tl)erry
1-F [’ 1-r [

(70) %2 = :_r'|Ne]¢

Individually, for the main input matching networkhje peak input matching
network, and the node matching network, the requBematrix parametelS;;, S, S,
and$; can be found from the input voltage reflectionfioent I, using expressions
(59), (69), and (70), sinc€ is known from the load-pull data. The phageis not

constrained by our initial conditions, and it cam Wised, as in the case of peak input
matching network, for phase equalization betweenntlain and peak branches to ensure

that currents from the main and peak branches awerdtithe combining node in phase.
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5.3.5 Main Device Impedance Modulation Ratio Ny, Derivation

To design a properly functioning main amplifien (the two-way Doherty
amplifier) two impedance points need to be cargfallected in the main device load-
pull contours to satisfy the Doherty amplifier siieations. The main-device impedance
modulation ratioN,, is related to the range of impedances presentéietmain device
and depends on the choice of the high-power and-éificiency main-device
impedancesZ,,, and Z,., but is independent from the high-power peak-devic
impedanceZ,, . ImpedanceZ,,. is selected from the low compression main deieeH
pull contours; under its loading the main devicéibits high efficiency of operation
under low power conditions (and is limited to aatiglely low power output). Impedance
Z,» is selected from the high compression main deloeel-pull contours; under its
loading the main device is capable of providingseldo maximum of output power (and
will have relatively high efficiency of operatiorué to the high power output levels). The

impedance modulation ratitl,, of the main device based on the above selectiafy,pf
and Z,,. can be described in what follows.

For the high power case going, from the load towéne source,Z, is
transformed intaZ,,, . Then using™,, =I",,, andl" =0 in (57) we get

r
(71) rIN = Sll+% => rMP = S.Ll

For the high efficiency case going from the loadvdrd source, some real

impedanceZ (not equal toZ,) is transformed intoZ,,.. Then usingl", =I',, and

. =TI in(57) we get

(72) [ :Su-l-& = I e :[‘Mp+ﬁ = e = op = SiSi

1-S,I', 1-S,I 1-S,I
For the high power case going from the source tdwdhe load, Z,,, is
transformed intaZ,. Then using ( =I",,, andl,,; =0 in (58), with help from (67) and

(71), we get
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, _ 2\ e
821812I_MP=S +(1 |rMP| )rMPe =S, +, e?=0
, 22 2 27w
1-Siw 1_||_Mp|

73 Tour =S,+

and

(74) S, =T

For the high efficiency case going from the soumeard the loadZ,,. is transformed
into the real impedance. Then usinglg =l andI,,; =T in (58) with help from

(67) and (71) we get

I - 2 ! Jqo I I
SySid we = ej¢+(1 |rMP| )rMEe — Mve = Mwe e =r

(75) rOUT = S22 +

1- Sllr,ME . 1_rMPr,ME 1_rMPr'ME
ro_ I ) I —- I 1+ I_
(76) = I_E r? el? | |= rE r? NM — | |
1-T L 1-T .l 1-|r|

Now that the valugl| is known in terms of user selectég,, and I, we can

calculate the corresponding main device impedarmdutation ratio

— 1+|r| — |1_rMPr'ME| +|r'ME _r,MP|

(77) Shad i wel T we ~ el
) l_|r| |1_rMPrME|_|rME_rMP|
where
78) r|= e =Ce |
1=-T el e

and where the prime symbol (') represents comptejugation, and the symbdl

represents the voltage reflection coefficient, whgrelated to the impedan&g, by

(79) ro=%u"%
ZXX+Z0

where Z, is the system reference impedance (usual{y)50
To design an amplifier that will yield the targéteerformance, impedancés,, ,

Z.,, and Z,,. cannot be selected independently. Rather, thetgmie of impedances
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must be such that the conditiorN,, =N_, Iis satisfied. In other words,

M, pP
T
If not, the amplifier will still work, but the ackved performance might deviate from the
targeted values.

Based on the conditiolN,, =N_.,, and associated impedance selections that
make this condition true, the S matrices for thenmaeak, and node matching networks
in the output combining network can be calculaféte S matrices can be calculated for
impedance values selected even if e = N_,,, condition is not satisfied. The designer
can then see the consequences of this non-ideatecHwy running the analysis
algorithni”? and deciding whether to alter the design or keep is. After establishing the
input power split ratio, the impedance modulatiatia; and the values of impedances
Zw, Zop, andZ,,., we can proceed with the design of the input pospditter, the main
and peak input matching networks, the main and pegfgut matching networks, and the
combining node matching network as well as the rdatation of the delay
compensation for the phase difference between wwe lranches. These steps are
discussed in Section 5.3.6 through Section 5.3&#xftor those already dealt with in
Section 5.3.4. The whole procedure is summarisedhbyflow chart in Figure 73 of
Section 5.3.9.

5.3.6 S Matrix for Main Output Matching Network

The S matrixS" for the main output matching network is given by

M M
(80) s" :Phj Sﬂ
S Sy
During high-power operation, going from the comb@inode toward the main device,

the main output matching network converts the tpgtver main branch load impedance

Z,r Into the high-power main-device impedancg,,. During high-efficiency

2 The subject of Chapter 6
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operation, going from the combining node toward thain device, the main output

matching network converts the high-efficiency mhananch load impedancg,,,. into
the high-efficiency main-device impedanZg.. The main-device impedancés,, and
Z,,. are known from the load-pull data selections, itfgdh-power main load impedance
Z,,» 1s user determined (usually)Z and the high-efficiency main load impedance is
Z e = Ziyo/ Ny

According to (79), the respective voltage reflectcoefficientsl 0, Myes Tups

and Tl for the four impedanceg ., Z, . Zw,» andZ,,. can of course be calculated

using

(81) [l = L — 4
ZLMP + ZO

(82) rLME — ZLME ~ Zo
ZLME + ZO

(83) r, =2 "%

ZMP + ZO
and
(84) e =2~ %0

ME — '
ZME + ZO

For the main output matching network, for high-powperation, we have (referring to

Figure 71 for reminder of the definitions)

(85) Mo=T e
(86) Fs = e
(87) My =Tues
and

(88) Four =M -
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Substituting equations (85) and (87) into equaftf) yields

%l\g SglllrLMP )
1- SzMerMP
Similarly, substituting equations (86) and (88pietjuation (58)

(89) Cyp =S +

o, Sl
(90) My =S5 + MP
" S 1 SMFMP
Referring to Figure 71, for the main output matghnetwork in high-efficiency

operation we have

(91) Mo=T e
(92) s =Mye.
(93) S
(94) Four = Mive -

Substituting equations (91) and (93) into equat®f) gives us

Sl'\g SgﬂlrLME .
1- SzMerME

Similarly, substituting equations (92) and (94 pieguation (58) results in

(95) Cye =S +

S
1-SiTe

Subtracting equation (95) from equation (89) weaobt

(96) Cwe =S5 +

r r
97 r -r._=gsvgh LMP__ _ LME '
N o - S—Z “ [1_ Szwér LMP 1- Sg/lzr LME ]

Subtracting equation (96) from equation (90) we get

rl rl
98 ro-r' =gugu MP — ME _
(98) LMP LME 2 21[1_Sﬂr,Mp 1- Sler,MEJ
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We next rearrange (97) to take form

M e =g ) (LSBT e ) (1~ Sl
(99) Sl,\gsg/.lz( MP ME)( 2 LMP)( 22 LME)'

rLMP - rLME

Substituting equation (99) into equation (89), amalranging yields

(I—MP _rME)(l_SZNZIrLME)rLMP

rLMP - rLME

(100) Sh=Tye
Rearranging equation (90) allows us to write

MM 1
(101) Sz’vzI = iwe ~ ShlSkAZI_IMP :
1- SllrMP

It then follows that substituting equations (99)dafi00) into equation (101) yields

equation (102) gives (witl$); still on both sides of the equation)

(rMP_rME)(l_%MZFLMP)(]'_SQAZFLME)FIMP .
(rLMP _rLME)(1_|rMP|2) +(rMP - rME)(l_ Szl\grLME) rLMPr'MP

(102) SQNZI = r;_MP -

Solving (102) for the matrix paramet&}) finally offers us the expression

(103)
|rLMP|2 - r,LMPrLME +|rMP|2 r'LMPrLME _|rLMP|2r'MPrME _|rMP|2r’MPrME

Cove =T e _|rMP|2|rLMP|2rLME _|rLMP|2r,MPrMErLME _rLMP|rMP|2 + r,MPrMErLME |

S5 =

Once the matrix paramete®), is calculated using equation (103) from the
voltage reflection coefficient§,., 'y, I yp, @nd e given by equations (81)-(84),
and assuming that the network is reciprocal so ®atS", the remaining matrix

parameterss" , S% , and S} can be calculated using equations (99) and (100).
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5.3.7 Scattering Matrix for Peak Output Matching Network

The scattering matri8” for the peak output matching network is given by
(104) sF= {81:1 Sﬂ
Sy Sy
During high-power operation, going from the combginode toward the peak device,
the peak output matching network converts the Ipgiver peak branch load impedance
Z, . into the high-power peak-device impedar&g . During high-efficiency operation
the peak device is off, going from the peak devwedoward the combining node, the

peak output matching network converts the peakegewif-state impedancg,,.. into
the off-state peak load impedanZg, . .

The high-power peak-device impedangg, is known from the load-pull data
selections. The high-power peak branch load impeglah,, is a function of the user-

selected, high-power main load impedaZ;¢, (see previous section) and is given by
(105) Zipp =Ziyp (Noomb _1) :

The peak-device off-state impedanZg,.. is directly measured from the peak device,

and the off-state peak load impedag,.. is given byZ .- = N.Z .., where

(106) N _1+_||_|
"1
and
(107) ||—| - [ porr _r'PP
1-T ool porr

According to equation (79), the respective voltagiection coefficientsl .,
[ pore s [ ppy @Nd oo related to the four impedancés,,, Z pore s Zpp, aNd Zpoe

can be calculated using (108)-(111) as
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(108) [ Lep
ZLPP + ZO

Z -Z

(109) [ porr = ﬁ ,
LPOFF 0
(110) [ = Zw =4y
ZPP + ZO
and
Z -Z

(111) - =ﬁ.

POFF 0

Referring to Figure 71, for the peak output matgmetwork, for high-power operation

(112) =T e,
(113) Mo =T,
(114) Fin =Tep
(115) Four =Tiee-

Substituting equations (112) and (114) into equatsy) yields

(116) r — %P + %.PZSZPlr LPP
PP 1 :
1- Szpzr LPP

Similarly, substituting equations (113) and (118piequation (58) we get

S
-,

Referring to Figure 71, for the peak output matghimetwork, for high-efficiency

(117) Clep =S5 +

operation we have

(118) Mo =T eorr -
(119) s = Moorr -
(120) Civ = Meorr »
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(121) Four =T Lrorr -

Substituting equations (118) and (120) into equatky) yields

%2851 LPOFF )
1- SZZ LPOFF

Similarly, substituting equations (119) and (12itpiequation (58) gives us

(122) POFF 811

P
S.I.ZSZl POFF
1 S.l POFF

Subtracting equation (122) from equation (116) ptes the expression

(123) LPOFF Szz

I r
(124) r..-r =5°s” ( LPP - "PO,FF ] .
i PO - Szpzr LPP 1- Szpzr LPOFF

We then rearrange equation (124) to get

(I—PP - r'POFF )(1_ Szpzr LPP) (1_ SZPZr’LPOFF ) '

I
[ ep =T Lporr

(125) S.Sh =

Substituting Equation (125) into equation (116)J aarranging, leads to

(rPP rPOFF)(l %2 LPOFF)I_LPP

I
[ er =T Lpore

(126) Si=lee -
Rearranging equation (123) yields equation (126 us to write

PP
r
127 P _ —_ %1812 POFE_

( ) Szz LPOFF 1- S.LPerOFF

Substituting equations (125) and (126) into equetik®7) yields
(128)

(r PP r'POFF ) (1_ Szpzr LPP ) (1_ ngr 'LPOFF ) [ porr
(r wep ~ T Lporr ) (1 [ epl pore ) (r pp ~ T bore ) (1 Szz LPOFF ) [ eel pore

P _
Szz = rLPOFF -

Solving equation (128) for the matrix parame®gr finally yields the result
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(129)

2 2 2 2
SZP — rPPrPOFF|rLPOFF| _|rLPOFF| _rLPPrLPOFF|rPOFF| +1 el Lporr +|rPOFF| [ epl porr
, =

2 2 2 f 2
rLPPrPOFFrPP|rLPOFF| _rLPP|rPOFF| |rLPOFF| +rLPP_rLPOFF_rLPPrPPrPOFF +|rPOFF| rLPOFF

Once the matrix paramet&, is calculated using equation (129) from the vadtag
reflection coefficientd .., [ poee» [ pp» @NAT oo given by equations (108)-(111), and
assuming that the network is reciprocal such tSt=S/,, the remaining matrix

parameterss’, S',, and S, can be calculated using equations (125) and (126).

5.3.8 Network Phase Delay

After determining the proper input power split eén the main and peak
branches, and the S matrices for all five of thBedednt matching networks in the
amplifier, what remains to be determined is thesgh@elay for each branch.

Contributions to the phase delay in the main dracmme from the main input
matching network loaded by the input impedanceénefrhain amplifier device (biased in
class-AB), the main device itself, and the mainpattmatching network terminated by
the main branch load impedance looking into the lmoimg node away from the main
output matching network. Recall that the main bhaload impedance is a function of the

main device output poweR, , the peak device output powé};, the combining node

impedanceZ .., and the off-state peak load impedaZeg,. .

node ?

Contributions to the phase delay in the peak bracswme from the peak input
matching network loaded by the input impedancenefgeak amplifier device (biased in
class-C), the peak device itself, and the peakutut@tching network terminated by the
peak branch load impedance looking into the comigimodeaway from the peak output
matching network. The peak branch load impedanad ourse also a function of the

main device output poweR, , the peak device output powé}, the combining node

impedanceZ .., and off-state peak load impedangg,.- .

node ?
In a typical application, the goal is to achieveprescribed level of phase

matching between the main and peak branches. 8iroe is no guarantee that the phase
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delays from the two branches will automaticallyfifuuch a condition, one of the two
branches can be additionally delayed insertinghgnti phase offset line (the function of
which will be subsumed into the corresponding inmdtching network) or a phase
shiftef®. The phase delay contributions of amplifier actievices are measured during
the load-pull process. The phase delay contributiom the individual passive two-port
networks characterized by their known S matrices ba calculated since the load
impedances are known, this we next show. Although derivation is elementary, we
have not found it written down explicitly anywherand it is needed in the less-
elementary derivations that follow.

Figure 72 shows a generic matching network haunpgt port connected to a

generator having impedancé; and output port terminated in an output load hgvin
impedanceZ, with corresponding voltage reflection coefficiefit, where generator is
applying complex voltage signal;. The input voltage reflection coefficierit,, for

matching network is given by previous equation (¥#)ereS;1, S, $1, andSy; are the
coefficients of the S matrix of the matching netkor

vV,

Si S

S. S e
2 ZL
ML

Figure 72: A generic two-port matching network with associated notation

A complex voltage wav¥, at a portn of a matching network is given by

(130) V. =V +V- [64 p.174]

3 0r by means of digital signal processing in ca#saeadependent input to the main and peak branches.
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where V" is the voltage wave heading towards the matchetgvork and incident on

portn, and V. is the voltage wave reflected from partand heading away from the

matching network.

The input voltage reflection coefficieft, is by definition:

(131) M=

(132) ro=—=%
Substituting equation (131) into equation (130)Rort 1 yields
(133) V.=V V=V (14T ).

Rearranging Equation (79) for impedangg produces
(134) Z, =Z,—WN

Substituting equation (57) into equation (134) givs

(1+ Su) (1_ Szzr L) + S12821_|_
Z,
(1_ S.l) (1_ Syl L) -S,5,0

(135) Z, =

The relationship between the voltage wageat Port 1 and the source voltage wake
of the input RF signal is then
(136)

V, = Ziy V. = ZO[(1+811)(1_822|—L)+SZ§1;L:|VS

B VAN AN ° Zo[(1+ Sn)(l_ Szer)+Szrslfl_]+zs[(1_81)(l_s2EL)_S » 1EL:|

Substituting equation (57) into equation (133) lom dther hand gives

(137) V, =V1+ +V, =V1+ (1+ rlN) =V1+ (1+ Sil) (1_ Szer) +S,5.0 |
1_%ZI—L
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SubstitutingVv, from equation (137) in place & in equation (136) and solving f&"

yields the expression

(138) V' = Zy(1- S, Vs
Zo[(1+311)(1_ SZZI_L)+SZ§1{L]+ZS[(1_SID(1_SZIZ_L)_S oy 1E|_]

From the relationshiy, =S,V," +S,V,", and the definition (132), we obtain

(139) Vz_ = —SZlVl .
1- ger

Substituting the expression fuf" from the equation (138) into equation (139) preeid

(140)
- _SMT _ ZoSpVs

? 1-S,I, ) Zo[(l"' 511)(1_ SzJ_L)+Sz§1£|_]+zs[(1_51)(1_5 2|;L)_S » EL:'

The definition (132) along with (140), gives

(141)

V+ =V, = 20821er5
’ e Zo[(1+ Sll)(l_SZZFL)+SZ§1;L]+ZS[(1_Sl)(1_SZEL)_S2? 1EL]

Substituting equations (140) and (141) into equatiB0) for Port 2 yields

(142)

g+ - 20521(1+ |_,_)VS
V, =V, +V, =
* Zo[(l"'su)(l_ SZZI_L)+SZ§1;L:|+ZS[(1_81)(1_SZEL)_S 2§ 1EL:|

Dividing equation (142) by equation (136) produces

(143) V. SZl(:l'-'-rL) — S21(:|'+rL)

Vi (1+ S11)(1_ Szzl_L)+Sz§1J_L B 1+811_(S #tS PSS 3 1)zr|_

this complex ratio of voltages can be represensed a

(144) Vo _
Vl

Vs

Vl

gl(2-a)
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where ¢ is the phase of the voltage wave at Port 1 ands the phase of the voltage

wave at Port 2. Substitution of (144) into (143)dily gives us

Va
Vl

olea) | Su(1+r,) |
‘1"' Sn_(szz"' S;9,~S.p 1) e ‘

(145) ol

where the phase delayp=@ — ¢ = @ is the phase delay of the matching network. Since

the S matrices of the five matching networks in aneplifier became known during the
design process, equation (145) can be used tondieerthe phase delay across each
matching network. Expression (145) will be use&éattion 5.3.9 and Section 6.3
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5.3.9 Design Technique for a Two-Way Doherty Amplifier

SelectZ,, Z,po Zue

(i) from the corresponding
load-pull contours

A

Calculate:
Ncon’b (PPM ’ PPP) ) AdeSt
(“) N,, (ZMP,ZME) , (iV) Zepy Zyp Zye

in the load-pull
contours

and inter-branch power spli
ratio based oiG,', G}

(iii)

Calculate:

Main OMN S-Parameters
Peak OMN S-Parameters
(v) Node Network S-parameters

Main IMN S-parameters
Peak IMN S-parameters
Inter-branch power split
Inter-branch phase del

Figure 73: Two-way Doherty design synthesis procede flow diagram**

Figure 73 shows a flow diagram that summarisegigsign technique for the two-

way Doherty amplifier of Figure 70. The proceduas lbeen implemented in software.

*“ImpedancesZ,, and Z,,, are associated with the peak device high outpwepd®, and the main

device high output powePMP respectively
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The main and peak input matching networks ardgded using previously
described technique (Section 5.3.4) in accordantiethve respective values of the source
impedances corresponding to those under which theces were load-pulled. The
combining node matching network is designed basedetected node impedance using
the previously described technique (Section 5.3Bgsed on the device load-pull
contours the designer decides how the power cartiis are split between the main and
peak devices under the maximum power conditionsceCQhe input power split that
satisfies requirements for maximum power levelslesermined, it remains fixed. The
impedance for the maximum peak pow#&g, may also remain fixed throughout the
remainder of the design procedure.

An iterative loop is implemented to determine thain and peak impedance

valuesZ,,, Z,,,, and Z,,. that satisfy the condition that the node impedanoédulation
ratio N, at the combining node is equal to the main demmgedance modulation ratio
N, betweenZ,, andZ,,.

First we initialize the values for the three irdpacesZ,,, Z,,,, and Z,,. ** from

the corresponding load-pull contours [Figure 73ckldi)]. These initial selections are
made by educated guesses based on the deviceuigeeformance and the amplifier
specifications. For example, if we need to desi@O@W amplifier, we may start with an

impedanceZ,,, for which the main device has output power cajghof 100W and an
impedanceZ,, for which the peak device has output power cajtgof 100W. There

are multiple impedances that satisfy this powerddwmn, but the resulting amplifiers
may substantially differ in gain and efficiency,daso an iterative process of further
selection is used. The power ratio between the mathpeak device may change, which

will lead to further iterations in the selectioropess.

> In the existing approach to the design of two-aeplifiers Z,,» is selected from the 1dB load-pull
contours (since those are readily available froendévice vendors)Z,,, is assumed equal t4,,, due to

lack of class-C load-pull data, . is also selected from 1dB load-pull contours, ammlit split is assumed

to be 3dB. These assumptions are not consisterthanel is no iterative process to correct the igsuke
design phase, the inconsistencies will become appduring the prototype phase.
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The node impedance modulation rati),,, and the main device impedance
modulation ratioN,, are calculated using equations (55) and (77),easmly [Figure
73 block (ii)].

Then one determines whether the node impedanceéulaimn ratio N,
sufficiently matches the main device impedancerhlj, , to within a specified threshold

percentage [Figure 73 block (iii)]. If not, theropessing continues, where one or more of

the three impedances,,, Z,,,, and Z,,. are adjusted using the corresponding load-pull

contours (Figure 73 block (iv)). In the softwaratthas been developed to implement this
design procedure the impedancgs , Z,,., and Z,,. are moved in the impedance space
of the load-pull contours by means of user-congbltursors. Moving a cursor in the
corresponding load-pull contour plot will alter thalue of the selected impedance thus
effecting the change in the associated output pogan and efficiency, which will cause
the algorithm to re-evaluate matching network Sapeeter values, values ™ .., N,, ,

and all other parameters of the circuit that anpeddent on these impedances and the
transistor performance parameters from the loat-plata associated with these

impedances. Processing then returns to determeérpedance modulation ratid
and the main device impedance modulation ratjp using the updated impedances.

When it is determined that the node impedance ufatidn ratio N,
sufficiently close in value to the main device irdpace modulation ratioN,,,

processing proceeds to determine the S matricethéomain and peak output matching
networks, the inter-branch power split (implemenkbgdpower splitter), and the inter-

branch phase delay based on the final values tothtee impedances,., Z,,, and
Z,. determined by using the techniques described quely [Figure 73 block (v)]

which completes the design procedure.

The analysis procedure to be described in Chapthas also been implemented in
software, and so the resulting amplifier perforneao be shown in Section 6.3.2 for
eight different two-way Doherty amplifiers designe@ the above procedure) can be

viewed immediately.
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5.4 Two-Way Controlled Main Device Compression Doherty
Design
In general the fixed-input-power-split implemendat of the Doherty amplifier
discussed in Section 5.3 allows us to provide tteali input power split ratio for the

nonlinear active devices in the Doherty amplifiepaly one output power leve? , due

to RF hardware implementation of the input powdrttep, which is a linear passive
circuit whose power splitting ratio is independehthe power level. The power splitting
ratio will vary with frequency as expected with B @istributed circuits. The phase
compensation necessary to ensure that signalstirermain and peak branches combine
constructively (in-phase) is implemented using pasphase offset transmission lines.
The deviations from the ideal power split and phgdor every output power level will
result in lower linearity due to increased activevide gain compression and lower
efficiency due to partial destructive combiningtioé signals.

In the fixed-input-power-split Doherty amplifieresign, based on power,
symmetry, gain and gain flatness considerationsinpat power split ratio and phase
offset that will result in certain gain compressitate of the devices are selected. The
peak device needs to be biased in class-C to prevérom being active while input
power is low, however this limits the peak deviceximum achievable gain (Figure
74)*°. There is a trade-off between gain flatness/ligand efficiency. The compression
of the devices is only characterized by fixed uppait but the compression behaviour
below the limit is out of designer's control.

To remedy the above-mentioned issues of the firpdt power split Doherty
amplifier the controlled main device compressionotmay Doherty amplifier is
introduced as shown in Figure 75. Figure 74 revkais the gain of the main and peak
devices affects the overall gain of the Doherty kiilep. The main device provides the
bulk of the gain, whereas the peak device imprakiesgain linearity by modulating the
load impedance of the main branch thus loweringctimpression the main device would
otherwise undergo. The main device undergoes gammpression and the peak device

“8 The gain performance of a two-way Doherty amplifleown in Figure 74 is obtained using analysis
techniques described in Chapter 6
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exhibits the gain expansion. By properly biasind arciting the peak device the rate of
main device gain compression can be matched byatieeof the peak device expansion
resulting in linear gain of the Doherty amplifié®ince main and peak device of the
amplifier in Figure 75 have inputs whose amplituded phase can be adjusted
independently, constructive combining can be aadeat any power level, the peak
device can be biased in class-B (thus increasmgain) and power split between the

devices can be such that the overall gain of thieelity amplifier is linear.

Gain profiles in Doherty amplifier

— Main Device (class-AB) Gain — Peak Device (class-C) Gain — Doherty Gain

20

18 A

16 4

14

12 A

10 A

Gain [dB]

40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
Doherty Pout [dBm]

Figure 74: Gain profiles in a two-way Doherty amplfier
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in =

Figure 75: Block diagram of a dynamic-input-conditoning power-split two-way Doherty amplifier

The criteria for impedance selection remains #maesas previously described in
Section 5.3.2 but the compression level of the mdawice high power load-pull contours
can be lower, and the compression state of the nilice can be controlled which will
result in improved linearity of the Doherty ampdifi As the main device starts to
compress the peak device is excited with just enaagut signal that would supply
enough additional power and gain expansion fronptek device to prevent the Doherty
amplifier gain from being compressed, and thus taaing the linearity and spectral
integrity of the output signal.

By having the independently adjustable input aragktand phase for the main and peak
device input signals the linearity performance anghase combining of the signals at
the combining node where the two branches of thgliaer meet can be maintained over
frequency better than was the case of the fixedtippwer split amplifier. The amplitude
ratio and phase relationship between main and desice branches over output power
and frequency ranges will be determined during dhalysis portion of the amplifier

design process, in particular in Section 6.3.2.
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5.5 Three-Way, Fixed-Input-Power-Split, Doherty Design

Figure 76 shows a block diagram of a fixed-inpatver-split, three-way Doherty
amplifier having a main amplifier branch and twakemplifier branches connected to

the main branch through a common peak network.

Main P s ¢

PM pM Device X [%MN] [S ]

in IMN ‘in I_| ain Node

. [Sw } S L Zy @ZL

2]
bevce  Poush AL
I:l).n_ E . |: ||V|N:| Fl):l ; I:Sge'!kNl} "
&l b= g Jl §
bovce oo
o OMN

P2
_ [ IMN } :'”—q 2 eak2]
P2 2 7P2 P2

Figure 76: Block diagram of a fixed-input-conditioring power-split, three-way Doherty amplifier

Main amplifier branch consists of a cascade ofan input matching network, a
main amplifier device, and a main output matchirgwork. The first peak amplifier
branch consists of a cascade of a peak input nmataietwork, the first peak amplifier
device, and a peak output matching network. Therskpeak amplifier branch consists
of a cascade of a peak input matching networksdo®ond peak amplifier device, and a
peak output matching network. The common peak ndétwuderconnects the two peak
branches with the main branch and the node netasrkhown in Figure 76. An input
signal is applied to a three-way input power sgljtivhich splits the input signal power
according to fixed ratios between the main amplifieanch and two peak amplifier
branches. Output signals from the two peak branateesombined at the peak combining

node into a common peak signal which is then coetbivith the main branch signal at
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the main combining node, and the resulting combisigdal is delivered to the output
load through node matching network.

For low signal power operation, both peak amgliforanches are inactive (e.g.,
this is achieved by biasing peak devices in classsdch that all amplification is
provided by main amplifier branch. During internmegtei signal power operation, the first
peak amplifier branch is active (e.g., the sigmapktude is large enough to turn on the
first peak amplifier device) while the second peaknch remains inactive (due to deeper
class-C bias compared to the first device), sueth #mplification is provided by both
main amplifier branch and the first peak amplifisanch. During the high power of
operation all branches are active and contributevierall amplification. The intended
intermittent operation of the peak amplifier degics a function of the input power is
achieved by operating them in two different as iasregimes, while main amplifier
device functions as a class-AB amplifier.

The design of the three-way Doherty amplifieFajure 76 focuses on three main
regions of the architecture: input power splittegin and peak output matching networks
(consisting of four S parameter blocks), and thdenmatching network. The output
combining network (consisting of the main, firstake second peak, common peak and
node matching networks) is designed based on the omnbining node impedance

modulation ratioN_,,, and what we have called the peak combining noggedance
modulation ratioN,,,, , which are functions of the maximum power delicel®y the

main and peak brancheR), P;* and PJ? respectively. The impedance modulation

ratios are selected using the high-compression mmahpeak amplifier device load-pull
contours (for example, 5dB for the main device adB for the first peak device and 1dB
for the second peak device) in order to realizegilien specification of maximum output
power requirements. The designer selects an apatepvalue for the impedance
modulation ratiosN_, and N, based on the power and efficiency specifications.
The values of these ratios are not uniquely detezthiand could have any value in the

range from about 1.5 to about 4 for the main impedamodulation ratioN_,, , and

from about 1.5 to about 3 for the peak impedanceufabion ratio N, . Since the
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main and peak devices operate under differentrigasonditions, they will have different
gains at different power levels.

The input power splitter is designed to providput power for each device to
produce output power levels that will achieve ttieédance modulation range for which
the combining node matching network was designextaBse the peak devices, which
are biased in class-C mode of operation, have @rl@ain than the main device, and
because the main impedance modulation ratio iggréaan 2 for the amplifier to satisfy
the efficiency requirement at an output power laliat is backed off from the amplifier's
maximum power, the input power splitter generaligyides unequal power splitting that

steers more input power toward the peak devices. ifiput power for each device is
determined in terms of the maximum power providedtte main deviceP), the

corresponding main device ga®)', the maximum power provided by the first peak
device P, its corresponding gaiiG’*, the maximum power provided by the second

peak deviceP;?, and its corresponding ga@®;?, which are related via

PMGplGPZ
(146) pPM =p P “P P ,
NN RYGIGT + RIGH G RIGL Gl
(147) PII =R P. Ce Ce ,
N N PMGHG + PPGY G+ PP GYGE?
and
PP2GMGP1
(148) PP2=p P Jp Jp

N PMGPGP? + PPIGY GP2+ PPGMG)Y

At least four sets of load-pull contours are uaedach frequency of interest. For
the main device, two sets of constant-compressoau-pull contours are used, for
example, high-compressiondB compression or higher) load-pull contours for st
of the high-power impedancg,,, and low-compression (circadB compression) load-

pull contours for the high-efficiency impedancg,. that are obtained for the main

device operating under class-AB bias conditions.
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For each of the peak devices, one set of constanpression load-pull contours
obtained under two different class-C bias cond#ida used to obtain high-power

impedancesZ,,, and Z,,,,, for example, high-power,dB-compression contours for the

first peak device anddB compression contours for the second peak deveayedl as

measurement of the off-state impedanég, (.., and Z.,...) for each of the peak

devices for low-power operations during which pdakices are inactive. Because class-
C biased devices have lower gain, they will undel@@er compression. Since peak
devices have lower maximum gain due to their clagsas, they cannot be compressed
too much before their gain becomes inadequate. ¢Jehi to 3dB compressions are
considered high for the peak devices.

Load-pull data is obtained for the devices théitlve used in the amplifier design
and construction. The devices are measured undesdime (or similar) biasing and
power conditions under which they are intendedga$ed. The measured data provides
the relationship between input and the output efdbtive device under various loading
conditions, such as those that occur in the Dohantylifier where multiple branches
interact at multiple nodes. The data allows usdicidate the responses from transistors
based on the interactions of the branch signat®m@ibining nodes. The data obtained at
each frequency of interest is used to charactanzglifier performance at that frequency.

Load-pull data allows the designer to pick an ingee Z,,, that satisfies the high-
power requirement for the main device, an impedadge that satisfies the high-

efficiency requirement at power back-off for theimadevice, as well as impedances

Z.,, that satisfy the high-power requirement for onenore peak devices.

In the design synthesis procedure, the load-gata are plotted in constant-
compression contour format to facilitate the vissalection of the impedances. In the
analysis procedure, the load-pull data are platietbnstant-input-power contour format
to facilitate location of new impedances that refwm convergence calculations in the
passive circuit part of the combining network (theain matching network, peak
matching networks, the node matching network). Qhealesigner makes the impedance
selection based on amplifier specifications andjesitlbto restrictions imposed by the
synthesis algorithm (to ensure that the solution ba implemented), the analysis
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algorithm” will calculate the response of the amplifier thesults from the designer’s

selections. The impedance selection consists aisihg the following:

« Z,, the impedance presented to the second peak dewuieeg high-power
operation;

« Z,, the impedance presented to the first peak devigengl high-power
operation;

+ Z, the impedance presented to the main device dunigig-power operations;

and

7, the impedance presented to the main device dwrusgyage-power, high-

efficiency operation.

The main combining node impedance modulationorati,,, of the output
combining network determines the range of impeda@g, < Z,,, < Ny Znoe that will
load the main output matching network, whéetg,, is the impedance at combining node
looking towards node matching network, aéd, is the load impedance of the main
branch, which varies between

and N_Z.. as input powerP, increases. The

node node

main combining node impedance modulation radig,, is defined as

R +P, +P,
149 N = P Pl P2
( ) comb PPM

where P} is the maximum output power of the main devié®, and P., are the

maximum output power of the first and second pemkak respectivelyP)' comes from
the high-compression (5dB or higher usually) maice load-pull contours by selecting

appropriate value oZ,,,, P, comes from the high-compression (aroud@)3first peak

device load-pull contours by selecting appropriatiie of Z,,, while P, comes from

*" Described in Chapter 6
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the high-compression (@B to 1dB or so) second peak device load-pull contours by
selecting appropriate value &, .

The value of the main combining node impedance utadidn ratio N, is
affected by the selection of the high-power, mampedanceZ,,, using the main-device,
3dB (high-compression) load-pull contours and by $lelection of the high-power peak
impedanceZ,,, and Z.,,using the first peak-devicedB (high-compression) load-pull
contours and the second peak devidB (high-compression) load-pull contours, because
the selection of these impedances will change theuat of power delivered by the
devices. In addition, using the main-deviadB1(low-compression) load-pull contours,
the high-efficiency main impedancg,. is selected to satisfy the main device efficiency
requirement at the power back-off level.

The main combining node impedance modulation rédjg,, determines the range of

impedance< Nooro <Z,<0C “8 that will load the common peak output matching

node =
comb 1

network, whereZ . is the impedance at the combining node lookingatols node

node

matching network, and, , is the load impedance of the peak branch, whidredeses

from high impedance (open circuit) down @, NN°°”*’ as the input powerP,

comb

increases.

The peak impedance modulation ratiy,,, of the output combining network

determines the range of impedandes Z ,, < N, .,Z that will load the first peak

Pnode
device output matching network, whekg, .. is the impedance at the peak combining
node looking towards the main combining node, &g is the load impedance of the
first peak branch, which increases from low impeda(short circuit) up taN,.v Zpnode

as the input powel;, increases. The peak combining node impedance mtaiulratio

N, 1S defined as:

8 OC stands for open circuit which implies high irdpece state
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(150)

P1 P2
N PR
Pcomb PPl
P

The peak combining node peak impedance modulasiba N, of the output

combining network determines the range of impedanZgodeMsZLp2 <0OC

that will load the second peak device output matghnetwork, whereZ

Pcomb 1

is the

Pnode

impedance at the peak combining node looking togsvéiné main combining node, and

Z ., is the load impedance of the first peak branchclwidecreases from close to open

- N : ,
circuit down to Z, ,.——®™_ as the input poweP, increases. From the above

N

Pcomb

considerations we have the following sets of impedavalues that will allow us to

calculate the S parameters for each of the fourclmag networks in the output

combining network of the three-way Doherty amptifie

Main Matching Network

The load-side high power impedance

(151) Zw =N pZ

node

The load-side high efficiency impedance

(152) Ze=2

node

The device-side high power impedangg, is selected from the main device
high-compression load-pull contours. The devicesitligh efficiency
impedanceZ,,. is selected from the main device low-compressaad1pull
contours. Using the above impedances, convertedotesponding voltage

reflection coefficientsl" o, Tyes Myes MTyes With T, and ', being

1+|r|

related throughN,, =N, where N,, ==—— with |I|=

1-|r]

with expressions derived in Section 5.3.6 we cdoutate S-parameters for the

I I
rME _rMP

=, along
1-T el e

main matching network.
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Common Peak Matching Network

The load-side high power impedance

Nco
(153) ZLPP = th Znode

The device-side high power impedance (user selected
(154) ZPP = ZPnode

The device-side off-state impedance

— ZLPlOFF ZLPZOFF
(155) ZPOFF -

ZLPlOFF + ZLP 20FF

The load side off-state impedance
(156) ZLPOFF = NPZLPP

Using the above impedances, converted to correspgneltage reflection
coefficients I oo, T pores Tporer Mepr Wherel o, and I . are related

I
Coore ~ T e

through N,,:1+—|r| with || =

1-|r]

along with expressions derived in section 5.3.7cae calculate S-parameters

resulting in Z, oo = NpZ pp
“ ! pp! porr

for the common peak matching network.

The First Peak Matching Network

The load-side high power impedance

(157) ZLPPl = NPcomePnode
The device-side high power impedanZg,, is selected from the first device

high-compression load-pull contours. The devicesaff-state impedance

Z..orc 1S measured directly on the device.

The load-side off-state impedance
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Z
(158) ZLPlOFF =L
N P1

Using the above impedances, converted to correspgneltage reflection

coefficients™ oo, T piomr s T piope s [ ppy» Wherel ., and ., are related

through N, :% where || =

along with expressions derived in section 5.3.7cae calculate S-parameters

I

r - N Z
P1OFF PP1 resulting in Z ororr = LPPL

NPl

“ ! ppi' PioFF

for the first peak matching network.

The Second Peak Matching Network

The load-side high power impedance

N comi
(159) Zippy = ﬁmbb_l Zonode

The device-side high power impedaZtg, is selected from the second device
load-pull data. The device-side off-state impedar€g.. is measured
directly on the device.

The load-side off-state impedance

(160) Z, orore = NooZi oo

Using the above impedances, converted to correspgneltage reflection

coefficients T ooy T ipoores Teoore s [ ppos Where I oo, and I o, are

related through NF,Z:iJ_r—I::I where |I'|=%1r_P2r°FFI:r’PP2§ resulting in
pp2! P20FF

Z ooorr = NpoZ, oy, along with expressions derived in section 5.3 aan

calculate S-parameters for the second peak matcigtvgork
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Assuming a symmetric three-way Doherty design iesplN_, =3 and

Npoor, = 2. By definition Z_, . and Z :i, and so we get the following

Pnode
comb Pcomb

sets of impedances for each matching network:

= Main Matching Network

The load-side high power impedance (user selected)

(161) Zwe =2,

The load-side high efficiency impedance

Z
162 Z,..o=—2
( ) LME 3

The device-side high power impedangg, is selected from the main device
load-pull data. The device-side high efficiency edpnce Z,,. is selected

from the main device load-pull data.

=  Common Peak Matching Network
The load-side high power impedance
%o
2
The device-side high power impedance

(163) Z oo =

(164) Z,, =—
The device-side off-state impedance

— ZLPlOFF ZLP 20FF

(165)

Z
POFF
Zipiorr T Zipoorr

The load-side off-state impedance

Zy
P2

I
[Moore ~ T e

166 Z =N
(169 phall 1-r PPr POFF

where N, :i—m with || =
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The First Peak Matching Network

The load-side high power impedance (user selected)

(167) ZLPPl = Zo

The device-side high power impedaigg is selected from the first device
load-pull data. The device-side off-state impedahgg,- is measured directly
on the device.

The load-side off-state impedance

where NF,1:1+—|r| with || =

1-|r]

o
NPl

Movore — T
(168) ZLPlOFF = __PIOFF  PP1

[ opal prorr

The Second Peak Matching Network

The load-side high power impedance

(169) ZLPP2 = Zo

The device-side high power impedaZtg, is selected from the second device
load-pull data. The device-side off-state impedar€g,.. is measured
directly on the device.

Load side off-state impedance

— _1+|r| : _|rP20FF_r'PP2|
(170) Z orore = Np,Z, Where N, _—1—|r| with || = -
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SeleCtZPPZ, ZPPl’ ZMP ) ZME

(i) from the corresponding
load-pull contours

»

A

Calculate:
Nconb (PPM ’ I:)PPl1 PPPZ) ) AdJUSt
P1L pP2 ; ZPPZ’ZPPl’ ZMP’ZME
(i) NPC°”"°(PP e ) (iv) in the load-pull
Ny (Zups Zye) contours
and Inter-branch power split
ratio based orG,;, G, Gpp

(iii)

Calculate:

Main OMN S-Parameters
Peak OMN S-Parameters
Peakl OMN S-Parameters
Peak2 OMN S-Parameters
(v) Node Network S-parameters
Main IMN S-parameters
Peakl IMN S-parameters
Peak2 IMN S-parameters
Inter-branch power split
Inter-branch phase delay

Figure 77: Three-way Doherty design synthesis prodere flow diagram

Figure 77 shows a flow diagram of the techniquedfesigning three-way Doherty
amplifier of Figure 76. This summary is similarttwat for the two-way case in Section
5.3.9, mutatis mutandis.

The main and peak input matching networks aréggded as described in Section
5.3.4 in accordance with the respective valuefi®fsburce impedances corresponding to

those under which the devices were load-pulled. ddrebining node matching network
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is designed based on the selected node impedamasasbed in Section 5.3.4. Based on
the device load-pull contours the designer deciaeg the power contributions are split
between the main and peak devices under the maxipouver conditions.

An iterative loop is implemented to determine thain device impedances,,;,
and Z,,. and impedanceZ,,,, and Z,, for the peak devices, that satisfy the condition
that the main combining node impedance modulataiio N, is equal to the main
device impedance modulation rathd, .

First we initialize the values for the four impedtesZ..,, Z..,, Z,p, and Z,,c

from the corresponding load-pull contours [Figuieblock (i)]. These initial selections
are made by educated guesses based on the dewdeub performance and the
amplifier specifications. For example, if we needdesign a 300W amplifier, we may
start with an impedance that enables the main detaadeliver 100W of output power
and impedances for each of the peak devices thailernhem to deliver 100W each.
There are multiple impedances that satisfy theseepaonditions, but the amplifiers
resulting from different selections may substahidiffer in gain and efficiency, which
and so an iterative process of further selectiamsexd. The power ratio between the main
and peak devices may change, which will lead tdhéur iterations in the selection
process.

The main combining node impedance modulatiom rifj, , and the main device
impedance modulation ratidN,, are calculated using expressions (149) and (77),

respectively [Figure 77 block (ii)].
Then one determines whether the main combininde nmpedance modulation

ratio N, is sufficiently close in value to the main deviogpedance ratio [Figure 79
block (iii)]. If not, then processing continues, @k one or more of the impedancgs. ,
Zye, Zopy, and Z,, are adjusted using the corresponding load-pultaas [Figure 77
block (iv)]. In the software implementation of tllesign procedure the impedancggs, ,
Zye, Zopy, and Z,,, are moved in the impedance space of the loadqmuitours by

means of user-controlled cursors. Moving a cursdhée corresponding load-pull contour
plot will alter the value of the selected impedarhbas effecting the change in the
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associated output power, gain and efficiency, whidh cause the algorithm to re-

evaluate matching network S-parameter values, sabfeN N, , and all other

comb ? M ?
parameters of the circuit that are dependent osethmpedances and the associated
transistor performance parameters from the loat-giata. Processing then returns to

determine the main combining node impedance madulaatio N and the main

comb
device impedance modulation rath,, using the updated impedances.
When one determines that the main combining nogedance modulation ratio
N, IS sufficiently close in value to the main deviogpedance modulation ratitl,, ,
then processing continues to finalize the S matrfoe the main and all the peak output
matching networks, the inter-branch power splitpiemented by input power splitter),

and the inter-branch phase delay based on thevialaés for the impedancey,., Z,, .
Z,.,, andZ,,, determined by using the techniques described puely [Figure 77 block

(v)] which completes the design procedure. This pletes the design procedure.

The corresponding analysis procedure, used talleadcthe performance of the
three-way Doherty configurations designed using dheve procedure, is described in
Section 6.5.
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5.6 Conclusions

Standard design procedures for the Doherty aremifpresented in the literature
make certain number of assumptions that may nat tnok in all cases, for all devices or
for certain design goals. Also, documented procesiunostly focus on the output
combining network with its impedance inverters afffdet lines to make sure that certain
impedance modulation ratios are achieved but negpetake in the account the effects
the active device biasing has on the gain of eaahdh of the amplifier, output power
capabilities of each active device, gain compresstate of the device, etc. Certain parts
of the topology are selected by default like 3dB Bgbrid as an input power splitter, or
50o0hm quarter-wave impedance inverter in the oudpdaihe main branch network in the
case of a symmetric two-way Doherty design, and weyse the performance of the
amplifier after the implementation to deviate frahe performance predicted by the
design procedure resulting in certain performampeeigication not being met.

We introduce a comprehensive design procedurBdberty amplifiers that relies
on load-pull characterization of the active devicEee design procedure relies on a
number of performance specifications to derive Wwhaperating conditions must be
satisfied to achieve desired amplifier performante.eliminates all unnecessary
assumptions and allows us to design every parhefamplifier topology to perform
precisely how it needs to perform in order to méke amplifier operate according to
design specification.

The closed form expressions for calculation ofafameters for each matching
network in the Doherty amplifier topology are preteel and they allow us to focus on
the Doherty amplifier design without having to implent each of the networks as
physical circuit for every iteration of the Dohergynplifier design. This convenience
allows us to explore many trade-offs in the perfangce parameter space of the amplifier
before settling for the final design which will thbe implemented as a physical circuit.

We expanded the fixed-input-power-split two-way hedy amplifier design
procedure to fixed-input-power-split three-way Ddiieamplifier design (and by
extension to fixed-input-power-split N-way Doheamplifier design using the expansion

techniques presented in 4.6) as well as to soetdligital Doherty amplifier design that
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allows us to fully condition the behaviour of theim device by means of dynamically

controlled inputs to both main and peak device.
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Chapter 6

6 Doherty Amplifier Analysis Techniques Based on
Transistor Load-pull Measurements

6.1 Introduction

Standard circuit simulators rely on active devioedels that may not be available
immediately when new active devices enter prodactmd thus the designer may not
have the ability to use commercial simulators tofyehe amplifier's performance. Also,
device models may not be as accurate as measwaegidl data, and will not
necessarily reflect the device performance vamatioe to production process variability
(which is important in yield analysis). In this gtear we will introduce Doherty amplifier
analysis technique that will allow us to analyze prerformance of Doherty amplifiers
and individual active devices within the amplifiér@sed on the known S-parameters of
the amplifier passive networks and the load-puldddaracterizing the constituent active
devices. We will perform input power sweeps in orecalculate output power,
efficiency, gain profile (AM-AM characteristic ohé amplifier), gain compression, and
phase response (AM-PM) of the Doherty amplifier @adctive devices individually. An
example of using load-pull data to characterizesraalevices is available in [65], the
intent was to generate behavioural models of actexaces without specifics of how the
devices will be used. An application of load-pudta analysis to two-way Doherty
amplifier optimization is provided in [66] with ansll collection of results reported. An
extensive analysis of a high-power two-way Dohe&tyresented in [67], authors used
load-pull data in conjunction with X-parameter franork to generate models and carry
out the performance analysis. It is not exacthaclghether scalar of vector load-pull
data was used, the instrumentation setup indiczi@ar measurements with possibility
of expansion to vector measurement capability. & laee no details how the off-state
impedance of the peak device was handled.
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In section 6.2 we discuss the interactions betwtsn passive parts of the
amplifier with the active parts through the loadtmata representing the behaviour of
the active devices in absence of active devicevadgnt circuits or models.

Section 6.3 deals with the analysis of a fixeduinpower split two-way Doherty
amplifier. The analysis procedure focuses on theudwcombining network because that
is where all the complex interactions between naaid peak device signals take place.
The analysis results obtained for several variahtee amplifier designed for a given set
specifications is shown with description how certaspects of the design are affected by
various parameters such as bias, and input povieram.

Based on previously derived expressions and wdthit@nal degrees of freedom
available from the independently controlled inpiatshe main ad peak device we present
the analysis procedure for a controlled-main-deciaepression two-way Doherty
amplifier in section 6.4.

The analysis procedure for the fixed input powstit sthree-way Doherty
amplifier as an extension of fixed input power spivo-way Doherty amplifier with
additional complexities being addressed is showsention 6.5.

6.2 Passive Network and Load-Pull Data Interactions

Once all the S-parameter blocks have been detednduring the synthesis
portion of the design cycle we wish to analyze ghegormance of the Doherty Amplifier
architectures. An analysis procedure that enaldet® wo this is developed here. It will
be constructed based on the block diagram depgitiorFigure 78 (two-way Doherty)
and Figure 79 (three-way Doherty). The upper bldégram in each of the figures
represents the full amplifier circuit that could aealysed using a circuit solver if the
transistor models are available, the passive né&wvbeing fully characterized by the
two-port S-parameter blocks from the design prooedin the absence of an accurate
transistor equivalent circuit we can combine thedipull data (to provide the
relationship between the transistor input and dufparameters) and passive circuit
theory (to model the input and output passive neka)o using the transistor load-pull
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measurements of output power and phase delay ir ¢odexcite the output combining

network, to predict the amplifier performance anat tof its constituent branches.

The transistor load-pull data provides connectietwieen the input powe" presented
to the input of the main device from the input rhag network with the known source
impedanceZ! and output poweP, that excites the device side of the main output
matching network. The values of the main devicel lmapedanceZ,, and transmission
phaseg, are known. It fulfills the function of the trangs equivalent circuit. Similarly,
load-pull data provides connection between inputgroP” presented to the input of the
peak device from the input matching network wite kmown source impedan& and
output poweP, that excites the device side of the peak outputihieg network. The
values of the peak device load impedaZteand transmissiorg, are known. It fulfills
the function of the transistor equivalent circuft tbe peak device. In the three-way

Doherty there are two peak devices with associ@aigpull parameters denoted &y,

P™, P, Z,,, @, for the first peak device which is biased in ci@ssvith an input

voltageV,, ., and Z?, P?, B,, Z,,, @, for the second peak device which is biased
in class-C with an input voltag€, ,,. We presented the block diagrams for two-way
and three-way Doherty amplifier architectures s procedure can be extended to N-

way architectures.
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Figure 78: Block diagram of input-to-output load-pull data interaction in two-way Doherty amplifier
architecture
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6.3 Two-Way Fixed Input Power Split Doherty Analysis

6.3.1 Description of the Analysis Procedure

Once the two-way Doherty amplifier of Figure 78shbeen designed using the
design technique whose flow diagram is shown irufed’3, appropriate sets of load-pull
data can be used to analyze the amplifier to ashatiie relationships between the values

P and Z{' on the input side and the values, z,,, and g, on the output side of the

main device and also between the valigsand Z¢ on input side and the values,
Z,, andg, on the output side of the peak device.

Figure 80 shows a flow diagram of the techniqae dnalyzing the two-way
Doherty amplifier of Figure 70. The analysis tecjug consists of two nested loops: an
outer loop in which the amplifier is analyzed dfetient input power levels and an inner
loop in which the impedance levels for the main pedk output matching networks are
iteratively evaluated for a particular input powlerel until those impedance levels
converge to steady-state values.

In the analysis technique, the input powé} X sweep starts at the maximum

power level @,,..) for the amplifier, and is decremented for eaehaition of the outer

inMax
loop for a specified number of iteration steps gesd to bring the input power level
down to an appropriate minimum power level for éineplifier. The sweep starts the from

the maximum (rather than some other level) powegllbecause the impedancgs and
Z, are well defined for this power level in the desigrocedure of Figure 73, which

ensures that, in the absence of error in the deignanalysis technique will rapidly (if
not immediately) converge to satisfy the inner l@gmdition [Figure 80 block (vi)] for

the first iteration of the outer loop.
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(iii)

- Start input power from the maximum
power level

- Define power step and number of steps
P =P.u: Pw: N

n: inMax * " step? steps

!

- Set initial values foiZ,, , Z,
(Note: values are selected from the high powergtegalues)

- Do phase alignment for these po

Y

- Obtain output power and phase response|for

each device from the load-pull datpd)
using input power and device impedances

Py = B, (F?r':A!ZM );% =B, (F?r':A’ZM)
P =Ry (P5.Z:)i @ =4, (PF.Z)

!

—

- Calculate voltages at the device outpd
Vi =V(Ry & Zy )i Ly =V /2,
VP :V(PP’¢P’ZP) : IP :VP/ZP

S

!

- Allow signals to propagate through thg
passive network and interact at the
combining node.

-Calculate new values a ;" Zp™
based on the interactic

A\1%4

Zy -z +|2. - 22| =0

Z, = Z
Z, =27

Simulation Done

Figure 80: Two-way Doherty analysis flow chart

N steps — N seps 1
Py =R P
R =R R,
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If the design is done using design techniqueiglife 73, then the initiaz,, and
Z,, values will be, respectively, equal to the finalues ofZ,,, and Z,, from the design

procedure. If an external design is used (thataisjesign done using some other
technique), then educated guesses for the iniipetdance valueg,, and Z, are used to
start the iterative process. For each subsequeratitn of the outer loop, the steady-state
main and peak output matching network impedanceesal ;" and ZZ* determined
during the previous outer-loop iteration are regdiras the initial values for the first
iteration of the inner loop.

In particular, the analysis procedure begins withalization of the input power

level Py, to the maximum power leveR ... [Figure 80 block (i)]. Based on the known

power split performed by input power splitter, thagnitudes of the main branch input

power level P} and the peak branch input power lew] can be determined from the
input power levePi,. In addition, P, of each power level decrement and the number
Ny, Of such decrements for the analysis is specifiethe same block. Note that, for

this explanation, all powers are expressedBm or other suitable units.

Next [Figure 80 block (ii)] the impedance valug, presented to the main
amplifier device and the impedance valdg presented to the peak amplifier device are

initialized to values for high-power operations etatined during design procedure of
Figure 73. In addition, phase alignments for thennzend peak branches are performed
during this step. Equation (145) is used to cateulae phase delay of each S-parameter
block within each branch under the varying loadditbons that they experience during
the amplifier operation. The sum of the phase defay each S-parameter block in a
branch will give the overall phase delay for thartmh. Since there are two (or more)
branches, and we want the signals to combine atdh#ining node(s) under specified
phase conditions (in-phase, or otherwise specifibdse relation), the phase of each peak
amplifier branch may need to be adjusted with ressfrethe main branch to achieve the
required phase conditions. For in-phase alignnfentexample, if the main branch has a
delay of 97° and the peak branch has a delay qftB&f in order to make the currents

combine in-phase at the combining node, the peakdbr can be delayed by 12° by
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delaying the peak input signal by 12° The chamgéhé peak input signal phase will
change the loading conditions for each of the brasaesulting in a new delay for the
main branch of, for example, 95° and a new delayhe peak branch (with the previous
delay correction of 12°) of 98°, an additional getarrection of -3° can be applied to the
peak branch (for a net delay correction of 9°) hstiat the delay for the main branch is
now 96° and the delay for the peak branch is noty &6which point phase alignment is
completed (if the alignment is not achieved at ghomt the iterations continue until the
alignment is achieved). This is done directly bynmaring the branch currents at the

combining node. In the phase-alignment process, and Z, will change due to

impedance modulation effect at the combining noalesed by the phase changes being
applied to the peak signal.

If the proper design impedances are not known.,(because the amplifier was
designed using a technique other than design tgabnbf Figure 73) then phase
alignment needs to be guessed as well and we wegd through iterations to achieve
convergence and if necessary re-evaluate our phasiass. By examining the constant
input power load-pull contours for the main andkpdavices, the most plausible values

for impedancesZ,, and Z, for high-power performance can be determined. finese

offset needed for an in-phase combining is therrddhed by examining the initial
phase mismatch of the calculated values for cusrgnt and |, at the combining node
in Figure 81 and using it adjust the input phadeetfof the peak input signal to obtain
convergence for this initial value of the input pwThe technique does not yet proceed
to a full input power sweep. Changes are madeenptilase alignment if necessary and
the iterations continue at the initial input poverel until a desirable phase alignment is
achieved. Only then does the technique proceduketéutl input power sweep.

In the next step [Figure 80 block (iii)], the put power B, and phase response
¢, of the main amplifier device are determined frdme foad-pull data (e.9.Rs,
#.ue for the main device biased in class-AB) using fi&n branch input power level

Py and the main amplifier device impedance legl. The power and phase values are

read from the load-pull power sweeps. These paemetre directly measured in the

active device load-pull process with some leveintérpolation applied. Similarly, the
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output powerP, and phase responsg of the peak amplifier device are determined
from the load-pull data (e.gR,c . @ for the peak device biased in class-C) using the
peak branch input power levef, and the peak amplifier device impedance |eXgl

Next [Figure 80 block (iv)] the voltageg,, andV, and currentsl,, and I,

output from the main and peak amplifier devicesdatermined.

Zy.Ty | | Ziwo T | FATYRLITY
Ly M uv Ly LM Ly y o
—> gM —> > —» C
7e—[5"] [S)
Vu Viu e QZL
ZLOFF Znode! r node =
ZP! r P | r ) ? : LP
b Lp
- 7 [ p] Ly
pe—"1s .
Ve Vie T
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Figure 81: Schematic of the two-way Doherty outpucombining network with associated notation
Figure 81 shows a block diagram representing passitput combining network of the
two-way Doherty amplifier. In Figure 81, load ... represents the loading on the main
branch contributed by the peak branch when the peskch is disabledi(, = 0).

For the main branch going from the main deviogai@ the combining node,

calculations for converting the main device impesarZ,, into the main voltage

reflection coefficientr",, , and vice versa, can be done using

(171) My = Zn ~ %o
Z,+Z,
(172) ZM = ZO 1+ rM = V_M = |ZM |ej%M
1-r, Iy

The complex powes,, of the main device has a real p&; that is known from

the main device load-pull data, and an imaginamt g, that is unknown. However,
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VM| 49
I
M

S, is also given b in which the impedance,, is known from load-pull data.

Known values off,, andZ,, allow the calculation o¥,, and1,, = \Z/—M which are used
M

in the circuit analysis of the output combiningwetk. Thus the complex powes,, of
the main device is given by

Y [ YA

173 S, =P, +j
( ) M M JQM ZZ’va 2 2

The main device voltag¥,, is calculated from the known main device povigr and the
main device impedancg,, as

. 2P .
V. =V I — M Z 1%
(174) =V e Re{ZM}| ule

We are at liberty to select the phase/gfas the reference phase, and so can (without loss

of generality) setg, =0. Then (174) becomes

(175) V= =2z,

Re{Z,}

For the peak branch going from the peak deviseatd the combining node,

calculations for converting the peak device impeaf), into the peak voltage reflection

coefficientl,, and vice versa, can be done using

(176) M= Zp ~Zg
Z,+Z7,
and
(177) Z,=2, 14T, Ve
1-r, 1,

*9 Note that the prime symbol denotes complex conjoga

178



The complex powess, of the peak device has a real pBst that is known from

the peak device load-pull data, and an imaginary Qa that is unknown. However$,

2
is also given by% in which the impedancé, is known from load-pull data. Known

P

V—P, which are used in the
P

values of B, and Z, allow the calculation o/, and I, = 5

circuit analysis of output combining network. Thir® complex powelS, of the peak

device is given by

VAR [ EAAY
27), 2 2

(178) S. =P, +jQ,
The peak device voltagé, is calculated from the known peak device powerand peak

device impedancé&, as

2P,

Re(Z,)

Once the voltages and currents on the device feideach branch are known,

(179) V, =|V,|e* = |Z,|e*

currents on the node side of each branch can berndieed, which allows for the
calculation of loading impedances for each brarmuhia turn the calculation of the new
impedances presented to the devices. The signalallawed to propagate through the

passive network formed by the main and peak outpatching networks, the node
matching network, and output load, and new valug%“(and Z;*") for the main and

peak amplifier device impedance levels are detezthiffrigure 80 block (v)).
Load side main voltages, currents, and impedaaesalculated from the known
main device side voltages, currents, impedanceasttenS-parameters of the main output

matching network. Sinc¥,, , I,,, Z,,, andT,, are known on the device side of the main
output matching network, and the S-parameEéf%] of the network are known as well,

quantitiesV,,, , | v, Z,.u,» @andrr,, can be calculated on the node side of the network

in the manner detailed below. Calculations to obtaj,.. are done to account for the
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loading effect at the combining node due to thestdte impedance of the peak device
transformed through the network.

The relation betweert,, and I'|,, is derived from the definition of the S-
parameters using (57), and is given by

(180) rM - %’\ﬁ + S.l.'\g S’,\Z\:lrLLM
1- SzerLM

Rearranging Equation (180) to exprdss, in terms ofl,, yields

— Y _S.,\:/LI
q\g Sg/ll +S'¥|2(FM _S';.Al)

(181) Y

where the corresponding impedar€g,, is given by

1+

(182) Ziw =24,
1-r LLM

Using Equation (143)V,,, can be expressed in terms 9f,, and used to

calculate current,,,, according to

183 V. = Szwll (1+ Y )VM
(183) M M M M QM M QM
1+8; - (822 +51152, 7SS 2J) Y
and
V,
(184) v = ZLM

LLM
From the peak device side, off-state impedaZgg- of the peak device is

transformed intaZ - loading the main branch using

1+T Zoer -2
o 2o =B e ot S e 2,
OFF OFF 0
(186) Mo =S + Sl o 7 =7 1Mo
LOFF 2 1- Slplr o LOFF 1T ore
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The main branch load impedange,, is expressed in terms &, ,,, and Z, o ,
where Z ,,, is given by a parallel connection &,,, and Z, .- . The main branch load
current 1,, entering the combining node is derived from therent |, ,, entering the
current divider formed by, ,, andZ .- as

_ Zuwlior . _ Ziore ~Zum
(187) Ziy=—0—"——, Iy =——
ZLOFF - ZLLM ZLOFF

Load-side peak voltages, currents, and impedaaeesalculated from the known
peak device side voltages, currents, impedancesthenS-parameters of the peak output
matching network. Sinc¥,, |, Z,, and I, are known on the device side of the peak
output matching network and the S-parametSFﬁi of the network are known, quantities
Vi, lp, Z,and T, can be calculated on the node side of the netbgrksing the
circuit analysis provided below, which is similay that used for the main branch
expression derivations presented above. T4)g, calculation is the result of an

impedance transformation through a network withvan&-parameters, and so

ST 1+T

(188) r S.Ll Slz 21 LP = rLP = S S.l S ZLP - ZO LP
1- %2 LP S_LzSzl+ Szz(r -S J) 1-Tp

189 Vi, = Sy(L+7, Ve ; |, = e
(189) LP ™~ P P PoP PaP : =S

:l-"'su_(szz"'811822_812S Z)I_LP LP
and

- SC

(190) rL = ZL ZO ; node Sll S.LZ 21 : Znode - Z o rnode

ZL + ZO 1- SZZ 1 I_node

The new main and peak branch load impedancgs, Z,,,, and Z,, are

calculated using previously calculated values gf, 1 . as

(191) \% :(ILM +|LP)Znode;50 Zy=—: Zp=—

0V is the combining node voltage
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(192) Ziu :M; My = Zuvw — 4 :
VAT A ZiwtZ,

The new main and peak device side impedaiZcesand Z,, are calculated based
on the new main and peak branch load impedadggs and Z, , by transforming these

impedances through the main and peak output magetetworks back to the main and

peak device side to obtain new device-side impesRnag and Z,, respectively. The

sequence of calculations can be summarized as

M oM
s I L TR
1-S,l 1-r,
and
Zip =4, P Slpzszplr LP 1+7;
(194) rp=2e 2, poaghedde, 5 oz 1T
Zip+Z, 1-S, s 1-T,

It is next determined whether the new main arak@anplifier device impedance

levels z7®" and Z;* sufficiently match the corresponding previous iaiguece levels
Z,, and Z, [Figure 80 block (vi)]. This is done by determigiwhether the

corresponding values are equal to within a spettfeeshold level. If the different pairs
of impedance levels do not all agree sufficientbsely, it means that the inner loop is
not yet complete and processing continues to thestep [Figure 80 block (vii)], where

the main and peak amplifier device impedance le¥glsand Z, are updated to be equal

to the new valueZ ;™ and Z;*" determined in the previous step. Processing tieeates

using the updated impedance levels.
If it is determined that the different pairs ofipedance levels do in fact agree
sufficiently well, then the inner loop is compldtg the current input power leve®

in?

and processing continues to determine whether tineber N___ of remaining steps is

steps
greater than zero [Figure 80 block (viii)]. If thember of steps is greater than zero, then
the outer loop is not yet complete, and the prangssontinues to the next step [Figure
80 block (ix)], where the number of steps, and itiein and peak branch input power

levels are decremented for the next iteration & tluter loop. The processing then
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returns to repeat steps of the inner loop [FigWeo®cks (iii) through (vi)] for the new

outer-loop iteration. For every instance of theeintoop convergence the output power,
gain, efficiency, compression, and other relevarfggmance parameters of the two-way
Doherty amplifier and its constituent devices aatewlated from the interpolated device
load-pull data, and calculated currents and vokagehe passive portion of the network.
The results are tabulated and can be readily disdlas will be shown in Section 6.3.2.,

if it is determined that the number of stepg,,, has reached zero, then the analysis

algorithm is complete and processing terminates.

Note that Doherty amplifiers designed using desigchniqgue summarized in
Figure 73 can be analyzed using the analysis tqaenof Figure 80 and/or using any
other suitable analysis technique. Similarly, thalgsis technique can be used to analyze
Doherty amplifiers designed using any other sudaiisign technique. Although the
analysis technique has been described in the cootéwo-way Doherty amplifiers these
techniques can be extended to applyNavay Doherty amplifiers having a main
amplifier branch andN-1) peak amplifier branches. This will be showrSiection 6.5 for
the three-way case (that is, for=3)

Although the analysis technique has been destiilb¢he context of fixed input
conditioning, it can be applied to other impleméiotes, such as static adjustable input
conditioning and dynamic input conditioning. Statjustable input conditioning implies
that the amplitude ratio of the input signals, ameir phase relationship, are adjusted for
one power level at a frequency of interest. The naa specify a change of input settings
with frequency. Dynamic adjustable input conditrapimplies that the amplitude ratio of
the input signals, and their phase relationship, specified for all power levels and
frequencies of interest. The user can specify aghaf input settings with power and
frequency. Each of the three different scenariagsits|aown set of goals and restrictions,
and they can all be addressed using the princigies calculations of Chapter 5 (for
design) and the present Chapter (for analysis m&$)o
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6.3.2 Example Applications of the Analysis Procedure
A. Calculated Performance of the Complete Amplifier

A two-way fixed input split Doherty amplifier wakesigned using the techniques
from Section 5.3.2 and analyzed using the procedust described. The design
specifications for the Doherty amplifier design eiemaximum output power 54dBm
(symmetric configuration with each device contribgt51dBm at maximum power),
maximized efficiency at 6dB power back-off, maxieuz gain, and maximized gain
linearity (minimized gain compression of the desgiceThe gate bias of the peak device
was swept from 1.1V to 1.4V in 0.1V increments aoad-pull data obtained for each
case. For each value of the peak device gate ba®ptimized peak output matching
network was designed and the optimal input powdit splculated (2.39dB, 2.13dB,
1.86dB, and 1.57dB more power to the peak brancth wicreasing gate bias,
respectively) to meet the specifications (i.e. éach device to deliver 51dBm for the
maximum of 54dBm as specified). The calculated gaid efficiency performance of the
four Doherty amplifier designs is shown in Figur2 he efficiency for all designs is
better than 55% at 6dB back-off (48dBm), and thie gampression is on the order of
3.5dB. The gain increases with increasing peakogegate bias and the efficiency in the
intermediate power region decreases with increapegak gate bias, which means that
efficiency can be traded off for gain/gain linegi@nd vice-versa.

Using the same specifications another set of twg-¥ixed input split Doherty
amplifiers was designed by the procedure of Sedi@2 for four different peak device
gate biases 1.1V to 1.4V in 0.1V increments, batitiput power split was not optimized
for each value of the gate bias. Instead 3dB spl{gqual input power to each branch)
was used in all cases. This is a common case inlébgn when off-the-shelf parts are
used and it is not possible to select arbitraryttepd ratios. The gain and efficiency
performance of the four Doherty amplifier desigeashown in Figure 83. The efficiency
for all designs is better than 60% at 6dB back(é&dBm), but the gain compression is
now on the order of 5.2dB. The gain increases witheasing peak device gate bias, and
the efficiency in the intermediate power regionréases with increasing peak gate bias,

which again reveals that efficiency can be trad#dfar gain/gain linearity, and vice-
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versa. The higher efficiency for the 3dB input powplit designs comes at the expense

of poorer gain linearity compared to the adjustguzlit power split designs.

Doherty Perfomance (Peak Device Vys Sweep with Adjusted Input Split)
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Figure 82: Performance of the four different two-wg Doherty amplifiers, designed for different gate
bias voltages (of the peak device) and adjusted inppower split

Doherty Perfomance (Peak Device Vs Sweep with 3dB Input Split)
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Figure 83: Performance of the four different two-wg Doherty amplifiers, designed for different gate
bias voltages (of the peak device) but fixed 3dBput power split
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To emphasize the efficiency to gain linearity #auff the performance of the
adjusted input split (1.86dB more power to the pkench) and 3dB input split (equal
input power to each branch) two-way Doherty desifynsthe same value of the peak
device gate bias (1.3V) are shown in Figure 84. pbwer splitter in the adjusted input
power split design steers more power to the peaiceéwhich due to its class-C bias has
lower gain than the main device biased in class-ABJ thus lowers the gain for the
lower signal levels but increases the gain in thghdr signal power region thus
improving the overall linearity. For the intermeidigoower levels there is around a 4%
difference in efficiency that diminishes as the #figos approach their maximum power
levels. The more pronounced efficiency peak for3tB input split design is because of
the rapid compression of the main device due tal#iayed conduction onset of the peak
device caused by the lower peak device input pdessls compared to the adjusted

input split design which steers 1.86dB more powethe peak device than to the main

device.
Doherty Perfomance Trade-off Linearity vs Efficiency (Peak Device Vgs=1.3V)
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Figure 84: Two-way Doherty with 3dB input power spit versus two-way Doherty with adjusted input
power split performance comparison. The amplifierccompared are those designed for the peak
device gate biases of 1.3V.
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B. Calculated Performance of the Individual Active Devicesin the Amplifier

The previous results were for the performance ef ttho-way Doherty amplifier as a
whole. We next present the individual gain perfongeof the main and peak devices
separately. This main and peak device gain perfocamavith the adjusted input power
split (2.39dB, 2.13dB, 1.86dB, and 1.57dB more pouwe the peak branch with
increasing gate bias respectively) two-way Dohdggigns is shown in Figure 85. Recall
that the four designs were done for different valoé the peak device gate bias, as

indicated in Figure 85. The lower the peak deviagedias the larger the value Bf,

(output power of the complete amplifier) before @k device turns on. This allows the
main device to reach the high efficiency range pération. The gain of the peak device
decreases with a decrease of the peak device getédeeper class-C bias implies lower
gain); to compensate for the gain loss the inputgrosplitter steers more power to the
peak device (partially cancelling the onset adj@stth From the Figure 85 we can see
that gain of the peak device drops by approximadeApdB for every 0.1V of the peak
device gate bias decrease, there is also a corméspp0.25dBm "delay” in the peak
device conduction onset for every 0.1V in the ghies decrease. Even though we
lowered the gain of the peak device by trying tpusidthe onset of the conduction of the
peak device, we compensated for the loss of gaisupplying more input power to the
peak device and thus maintained the gain compmessfothe main device almost
independent from the gain changes of the peak deVikis means the linearity did not

suffer at the expense of overall lower Doherty gasican be seen from Figure 82.

°1 By "delay" here we do not mean a timing issue,tbetfact that the onset of conduction of the peak
device occurs at power levels 0.25dBm higher fehea1V decrease in gate bias voltage.
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Main and Peak Device Gain (Peak Device Vg Sweep with Adjusted Input Split)
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Figure 85: Main and peak device gain performance itwo-way Doherty amplifiers (with different
peak device gate bias and adjusted input power splias a function of the output power of the
complete amplifier.

The main and peak device gain performance wittBti& input power split (equal input
power to each branch) two-way Doherty designs @wshin Figure 86. Recall that the
four designs were done for different values of pleak device gate bias, as indicated in

Figure 86. The lower the peak device gate biadatyer the value oP,, (output power

of the complete amplifier) before the peak devigas on. This allows the main device to
reach the high efficiency range of operation. Than@f the peak device decreases with
decrease of the peak device gate bias (deeperClasas implies lower gain). In this
design we did not compensate for the gain lossdpyséing the input power split. From
the Figure 86 we can see that gain of the pealkcdeadrops by approximately 0.25dB for
every 0.1V of the peak device gate bias decrehsee tis also a corresponding 0.2dBm
"delay" in the peak device conduction onset forrgM@1V in the gate bias decrease.
Since we did not compensate for the lower gairhefgeak device by adjusting the input
power levels the main device suffers a higher ratecompression (compared to
compensated input power split case), which incregeapproximately 0.25dB for every

0.1V of decrease of the peak device gate bias.
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Main and Peak Device Gain (Peak Device V,s Sweep with 3dB Input Split)
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Figure 86: Main and peak device gain performance itwo-way Doherty amplifiers with peak device
gate bias sweep and 3dB input power split

The main and peak device power performance with atgisted input power split

(2.39dB, 2.13dB, 1.86dB, and 1.57dB more powerh® peak branch with increasing
gate bias respectively) two-way Doherty designshiswn in Figure 87. Recall that the
four designs were done for different values of pleak device gate bias, as indicated in

Figure 87. The lower the peak device gate biadaityer the value o, (output power

of the complete amplifier) before the peak devigas on. This allows the main device to
reach the high efficiency range of operation. Thm @f the peak device decreases with a
decrease of the peak device gate bias (deeper-Cldsas implies lower gain); to
compensate for the gain loss the input power splisteers more power to the peak
device (partially cancelling the onset adjustmeWf can see that main device gradually
transitions from a low power linear mode of opemat{when its output power is lower
than 46dBm) to a high power nonlinear mode, thaokhie load impedance modulation
caused by the power contribution from the peak aevWithout such load impedance
modulation the main device would remain in the hafficiency regime of operation
under which it cannot deliver sufficiently high put power to meet the design

specification and as a consequence it would alpergence a severe compression.
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Main and Peak Device Output Power (Peak Device Vg Sweep with Adjusted Input
Split)
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Figure 87: Main and peak device power performanceni two-way Doherty amplifiers (with different
peak device gate bias and adjusted input power splias a function of the output power of the
complete amplifier.

The main and peak device power performance with3d input power split (equal
input power to each branch) two-way Doherty desigr&hown in Figure 88. Recall that

the four designs were done for different valueshef peak device gate bias, as indicated

in Figure 88. The lower the peak device gate bieslarger the value oP, (output

power of the complete amplifier) before the peakicke turns on. This allows the main

device to reach the high efficiency range of opematThe gain of the peak device
decreases with a decrease of the peak device gatédeeper class-C bias implies lower
gain). From the Figure 88 we can see that maincdesharply transitions from a low

power linear mode of operation (when its output povwg lower than 48dBm) to a high

power nonlinear mode thanks to the load impedanodutation caused by the power
contribution from the peak device.
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Main and Peak Device Output Power (Peak Device Vg5 Sweep with 3dB Input Split)
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Figure 88: Main and peak device power performanceni two-way Doherty amplifiers (with different
peak device gate bias and 3dB input power split) asfunction of the output power of the complete
amplifier.

The main and peak device compression performanttethe adjusted input power split
(2.39dB, 2.13dB, 1.86dB, and 1.57dB more powehtgeak branch respectively with
increasing gate bias) two-way Doherty designs mashin Figure 89. Recall that the
input power split, the main device matching netwand peak device matching network
were designed to maintain the main device and pieakce compression levels below
5.5dB and 1dB, respectively, for Doherty output povevels below 54dBm. Keeping the
device compression levels at these values prow@éd linearity shown in Figure 82. To
achieve targeted device compression levels thetimmwer split compensation is
essential.
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Main and Peak Device Compression (Peak Device Vgs Sweep with Adjusted Input
Split)
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Figure 89: Main and peak device compression perforance in two-way Doherty amplifiers (with
different peak device gate bias and adjusted inpytower split) as a function of the output power of
the complete amplifier.

The main and peak device compression performante twe 3dB power split (equal
input power to each branch) two-way Doherty desigrshiown in Figure 90. Once again,
we recall that the main device matching network peak device matching network were
designed to maintain the main device and peak destenpression levels below 5.5dB
and 1dB, respectively, for the Doherty amplifiertmu power levels below 54dBm.
However, the input power split was fixed at 3dB athds caused an increased
compression of the main device (the peak devicddcoot provide sufficient load
impedance modulation due to lower gain) of gretttan 7dB at the maximum Doherty
power level of 54dBm. The increased compressioth@fmain device is the main cause
of poorer gain linearity of the Doherty amplifiesisown in Figure 83. These designs were
of course purposefully done to demonstrate how ulistife analysis technique is in

checking a design before implementation.
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Main and Peak Device Compression (Peak Device Vg Sweep with 3dB Input Split)
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Figure 90: Main and peak device compression perforance in two-way Doherty amplifiers (with
different peak device gate bias and 3dB input powesplit) as a function of the output power of the
complete amplifier.

C. Comparison of Calculated and Measured Performance

A two-way fixed-input-split Doherty amplifier waesigned using the techniques
from Section 5.3.2, analyzed using the procedust described, manufactured and then
measured. The design specifications for the Dohantplifier design were: maximum
output power 56dBm (symmetric configuration witrclealevice contributing 53dBm at
maximum power), maximized efficiency at 6dB powerck-off, maximized gain, and
maximized gain linearity (minimized gain compressaf the devices). The input power
split used was 3dB (off the shelf 3dB hybrid). Téeculated and measured gain and
efficiency performance is shown in Figure 91. Theasured efficiency of 53% is slightly
better than simulated performance of 50%. The nredsgain is 1.5dB lower than

simulated but that was expected because the siadutaatching networks were lossless.
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Figure 91: Comparison of simulated and measured gaisnd efficiency of a two-way compact Doherty
amplifier with the peak device input matching netwak of the fabricated amplifier tuned to improve
gain linearity
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6.4 Two-Way Controlled Main Device Compression Doherty
Analysis
The design procedure for a controlled main devicenpression design is
specially suited for the digital Doherty configuost The dynamic adjustable input
conditioning allows for an appropriate specificatiof the amplitude ratio of the input
signals and their phase relationship for all povesels and frequencies of interest in
order to achieve optimal performance for variouplamentations of two-way Doherty

amplifier: symmetric (identical device\_ ., =2), quasi-symmetric (identical devices,
but N_,, >2), asymmetric (unequal device nominal powér>2) implementations of

the two-way Doherty amplifier architecture.

L,
v "] Voo | L5 ﬁz
ﬁzm Z oot T

Z.r, - b
|_> lp LP
—> SP I—P‘
P, &—————— °
V. Vie <
ZOFF ’ rOFF ZLOFF ’ rLOFF

Figure 92: Schematic of the two-way Doherty outputombining network with associated notation

For already specified combining node impedance utatidn ratio N, = N,,

and Z_, the load impedance seen by the main bra@gh will vary in the range

node

Z <Z, <N,Z

S The sweep of th&,,, values for analysis needs to be defined by

node *

specifying how many stephl,, to take fromZ_,, to N,Z Also the desired levels

node node *

of the main device compression corresponding th @adividual Z,,, value in theZ,,,

sweep need to be specified. The compression ofiia device could be kept constant

or it could increase with increasird,, in an arbitrarily specified (monotonic) fashion.

The Z,,, sweep is defined as
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(195) ZLM (n) = (1-'- n NM _1] Znode

steps
where n indicates the current instance &f,, (n) under analysis. The linear form of
main device compression progression is defined as

COMP,,
(196) COMP(n)=COMP,,, +n |p\1

- COMP.

start

steps
where n is the current instance of compressi@®MP(n) associated withZ,,, (n).

DeterminingZ,, from knownZ,,, is accomplished by

(197) — ZwZiorr r — Ziw~4
LLM LLM
Ziw t Lo VATTVILAS
and
M oM
+
1-S5 1-Ty,

Now that the values oZ,, (n) and COMP(n) are known the constant compression load-

pull data can be used to determine the output chWe(n) of the main device. Once the

output power of the main device is determined folne constant compression load-pull
contours we can proceed to calculate the remaipenmgmeters relevant to the main
branch of the amplifier under these conditions. €omplex power sourced by the main

device is given by

Vul _[Wl"Zu _ V1,
27, 2 2

(199) Sy =B, +1Qu :|
The voltage on the main device side is given by

(200) Vy, =V, €% = |Z,,| €™

2R,
Re{Z,}

if we usegq, as the reference pha(sgA = O) then the device side voltage is given by
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2R
(201) Vi = ,/R—ZM}IZMI
M

Expressing the load side reflection coefficient terms of the known device side
reflection coefficient we get

(202) L 1= TV r, -s
M ! M LLM M M v v
1-S,lMm S,S; + Szz(rM —Sll)

We can then calculate the corresponding load sigeedance for the main branch as

I+
1- rLLM

(203) Ziw =2,

From the known device side voltage and known Stpatars of the main output
matching network we can calculate the main load smtage by

Vo = Sz'vi (1+ Y )VM
(204) M~ M M M M M oM
1+ S, _(822 +51,5%, 7SS 2]) Y

and the corresponding current is then

VLM
ZLLM

(205) lw =

Off-state reflection coefficient on the peak dewsige is given by
(206) [ orr Lo =4
ZOFF + ZO
The off-state coefficient on the load side of thealp output matching and the

corresponding impedance are given by

S.LF;S2Plr OFF I+ orr

207 r =S50 + =7
(207) LoFE = S, 1- l?LrOFF LOFF ol_rLOFF

Impedance seen by the main branch at the combinoug and its load current are

obtained from

(208) 7 = ZmZiore | = Ziore ~— Zum |
LM LM

LLM

ZLOFF - ZLLM ZLOFF
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Now that the relevant parameters for the main braare all known we can proceed to
determine the corresponding peak branch paramehets will support the above-

calculated main branch parameters. The node impedargiven by the following
ZL B ZO SAzsgl 1+ r node

=S+ Z =2

209 M =
( ) L Z|_ + Zo node 1 Szz node 0 1_ r

node

From the knownl,,, Z,,,, and Z , we can calculate the necessary peak branch load

node

side current using

[ Z—Z
(210) ZLM = LMl - Znode o LM
LM

then the peak branch load impedance is calculated

+ -
(211) ZLP = Mznode rLP = M
ZLP + Zo

Since the two branches are connected to the contbmbde the load voltages must be
equal
(212) Vip =Viy = (I v T ILP)Znode

This allows us to determine the device side voltage

1+ 8], (S5, + 0S5~ S5 ws

S (P ’

and the corresponding peak device reflection coiefit and impedance

P
(214) Sl %2821 LP Zp :ZO 1+I_P
1- Szz LP 1_rP

from which we can calculate the power the peakaiemust deliver

(215) S =R +jQ :|VP|2 = P,=Re | P|
P P 27, 27"

from the load-pull measurement we can determinengertion phase for the device

(216) @ =0V,
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This procedure will be repeated for every one @f thinstances and will yieIdDP(n),

and %(n) values for each instance that will ensure thatnnevice is conditioned as
specified at every power level.

From the now known sets of the peak device outputep P, (n) and associated phase
@ (n) values the peak device input power &t(n) and input phase seff (n) from
the peak device load-pull data can be derived. [Silyiwe can obtain the main device
input power setR' (n) and input phase sef' (n) from the known sets oB, (n) and
associated phase, (n) Now that we have the input power and phase satddth

devices we can utilize the dynamic input conditignito control the main device
compression for enhanced gain linearity performanaoe guarantee in-phase combining

for enhanced efficiency for all power levels.
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6.5 Three-Way Fixed Input Power Split Doherty Analysis

Once the three-way Doherty amplifier of Figure & been designed, using the
design technique whose flow diagram is shown irufgg77 , appropriate sets of load-
pull data can be used to analyze the amplifierstatdish the relationships between the

valuesP)' and Z on the input side and the valugs, z,,, andg, on the output side

of the main device, between the valug$ and Z[* on input side and the values_,

Z.,, and ¢, on the output side of the first peak device, ai a® between the values

P and Z:? on input side and the values,, z,,, and g,, on the output side of the

P2
second peak device.

Figure 93 shows a flow diagram of a technique domlyzing the three-way
Doherty amplifier of Figure 76. The analysis tecjug consists of two nested loops: an
outer loop in which the amplifier is analyzed dfetient input power levels and an inner
loop in which the impedance levels for the main aadh of the peak output matching
networks are iteratively adjusted for a particufgout power level until those impedance

levels converge to steady-state values.

In the analysis technique, the input pov(eP(n) sweep starts at the maximum

power level(P

inMax

) for the amplifier, and is decremented for eachatien of the outer

loop for a specified number of iteration steps gesd to bring the input power level
down to an appropriate minimum power level for ameplifier analysis. The sweep starts
from the maximum (rather than some other) poweelldecause the impedancés, ,

Z,,, andZ,, are well defined for this power level in the desgocedure of Figure 77,

which ensures that, in the absence of error indigign, the analysis technique will
rapidly (if not immediately) converge to satisfyetmner loop condition [Figure 93 block

(vi)] for the first iteration of the outer loop.
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(if)

(iii)

- Start input power from the maximum
power level

- Define power step and number of steps
P =Pu; P N

n = inMax ' " step ? steps

1]

- Set initial values foiZ,, , Z,,, Z,,
(values are selected from the high power designegl
- Do Phase Alignment for these pol

i:

- Obtain output power and phase response
each device from the load-pull datpd)
using input power and device impedances

Py =P, P¥.Z, )i & =4 (Y. 2,)

Py =R, (R Z0): 1= G, (P Z51)
P2 = R, (Fi)rljzlzpz) B2 = B, (Rr?z’zpz)

L]

—+

- Calculate voltages at the device outpl
Vi :V(PM B L ); Iy =V /2y

A :V(Ppl’%l’zpl); Loy =Vey/Zp,

\ :V(PPZ’%Z’ZPZ); lo, =Veo/Zs,

S

v

1%

- Allow signals to propagate through thg
passive network and interact at the
combining nodes.

-Calculate new values at,;,",Z:", Z 55"
based on the interactic

(vii

‘ZM _Zr\n/leN +‘ZP1 _ZFH’TN‘ +‘ZP2 _Zggw =0

for

N
<
I
zN
g

Simulation Done

Figure 93: Three-way Doherty analysis flow chart

yes

Neeps = Ngeps —1
Py =Py — P
P = P~ Py
Pl = Pl ~ Pa
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If the design is done using technique of Figure then the initialz,,, z,, and

Z,, values will be, respectively, equal to the finalues ofz,,,, Z,,, ,and Z,, from

MP ?

the design technique. If an external design is (g8& is, a design done using some other

technique), then educated guesses for the impedaaloes Z,,,, Z,., ,and Z,,, are
used to start the iterative process. For each gulese iteration of the outer loop, the

steady-state main and peak output matching netivopedance level&Z,;", Z;:*, and

Z.)" determined during the previous outer-loop iteratoe retained as the initial values
for the first iteration of the inner loop.

In particular, the analysis procedure begins wiitialization of the input power
level Pi, to the maximum power level .. [Figure 93 block (i)]. Based on the known
power split performed by the input power splittdre magnitudes of the main branch
input power levelPy and the two peak branch input power levBf§ and P;? can be

determined from the input power le\R}, and calculated input splitter ratios (146), (147),

(148). In addition,P,,, of each power level decrement, and the numigyr of such

decrements for the analysis, is specified in tmeeshlock. Note that, for this explanation,
all powers are expresseddBm or other suitable relative units.

Next [Figure 93 block (ii)] the impedance valug, presented to the main
amplifier device and the impedance valugs, and Z,, presented to the first and second

peak amplifier devices, respectively, are initiatizto values for high-power operations
determined during design technique of Figure 77addition, phase alignments for the

main and peak branches are performed during tlep. FEquation (145) is used to

calculate the phase delay of each S-parameter bldbin each branch under the varying

load conditions that they experience during the ldimpoperation. The sum of the phase

delays for each S-parameter block in a branch gwié the overall phase delay for the

branch. Since there are three branches, and we thansignals to combine at the

combining nodes under specified phase conditionpliase or otherwise specified phase
relation), the phase of each peak branch may reebd adjusted with respect to the main
branch to achieve the specified phase conditions.
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If the proper design impedances are not knowgn, because the amplifier was
designed using a technique other than design tgabnof Figure 77, then the phase
alignment needs to be initialized to a plausiblki®aas well and we need to go through
iterations to achieve convergence. Looking at trestant input power load-pull contours

for the main and each of the peak devices, the plassible values for impedancés, ,
Z,,, and Z,, for high-power performance are determined. Thespluifset needed for an

in-phase combining condition is then determinedbgerving the initial phase mismatch

of the calculated currents at the combining nod# @asing it to obtain convergence for

this initial value of the input power. The techreégqdoes not yet proceed to a full input

power sweep. Changes are made in phase alignmeetdssary and the convergence is
repeated at the initial input power level. Thigime until a desirable phase alignment is
achieved. Only then does the technique proceduetéut! input power sweep.

In the next step [Figure 93 block (iii)], the put power P, and phase response
¢, of the main amplifier device are determined frame foad-pull data (e.9.Bs,
#.me for the main device biased in Class-AB) using tten branch input power level

Py and the main amplifier device impedance le¥gl. The power and phase values are

read from the load-pull power sweeps. These paemeaire directly measured in the
active device load-pull process with some levelimrpolation possibly involved.

Similarly, the output power®,, and B,,, as well as phase responggs, and ¢, of both
peak amplifier devices are determined from the Jpalll data (e.g.,R,c;, @, fOr the
first peak device biased in shallow class-C, &igl,, @, for the second peak device
biased in deep class*¥ using the peak branch input powers le@&t and PF? as well

as the peak amplifier device impedance lev&lsand Z,, .

*2The onset of the conduction for the two peak devia the three-way Doherty needs to be staggered t
maintain high efficiency of operation for backedpbwer levels. The first peak device biased irnleha
class-C will turn on at a lower power level that #econd peak device biased in deep class-C.
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Next [Figure 93 block (iv)] the voltage¥,,, V., and V., along with

corresponding currentk,, , 1, andl,, from the main and both peak amplifier devices

are determined.

Zy:Ty VALY, VATYRLINTY
L, I lim L, I L, v I noce
—> SM —> > —> c
- =51
Vu Viu _f Z
Zp,lip Z B -
node?’ " node
ZLPOFF | =
Lp
P
S
Z1pys
ZouT oy rLLPl z,, ?l
Ly Iey Pt wer e r, 7
P —> [SP1:| I—b‘ — > FZPOFF'FPOFF
1 @ *
VP1<_| Vier <_| ZI—>
Zoore s Z prorr ZLPZOFF L
r r T
P1OFF LPIOFF  —
VASH I
L, le Zip2r ez I
P —> [sz} |—>‘ —>
A — o
Vot Viea =
Zoorr Zipaore » I Lpoorr

rPZOFF
Figure 94: Schematic of the three-way Doherty outpucombining network with associated notation

Figure 94 shows a block diagram representing passitput combining network of the

three-way Doherty amplifier. In Figure 94, loads,,. and Z ., represent the

combined peak loading on the main branch contriblitg both peak branches in the
inactive state, and the loading on the first pe@nbh from the second peak branch in the
inactive state, respectively.

For the main branch going from the main deviogai@ the combining node,

calculations for converting the main device impesarZ,, into the main voltage

reflection coefficientr",, , and vice versa, are given by

+ p—
(217) Z, :zo1 M~V _Zu—4,
1-r,, Iy

=|z |e"% =
|M| . Zy +2Z,

The complex powes,, of the main device has a real p&¢ that is known from
the load-pull data and an imaginary p&j} that is unknown. HowevelS,, is also given
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|M| 53 :

by 27 in which the impedancé,, is known from the load-pull data. Known values

M

of B, and Z,, allow the calculation o¥,, and 1, :\Z/—M, which are used in the circuit
M

analysis of output combining network. As such, tmnplex powerS, of the main

device is given by

Ml Dl 2 Vvl
P = =
219 S =R+ 1Qu 27, 2 2
and the voltag®/,, of the main device is then

(219) Vy, =V, e = |Z,,| e

Re{Z }

We are at liberty to select the phase\f as the reference phase, and so can (without

loss of generality) seg, =0. Then (219) becomes

(220) Vy = «/Re{z }IZ "

Once the voltages and currents on the device feideach branch are known,
currents on the node side of each branch can berndeed, which enables the
calculation of the loading impedances for each dmaand in turn allow for the
calculation of new impedances presented to thecdsviThe signals are allowed to
propagate through the passive network formed byrthm and the first and second peak
output matching networks, the common peak matchatyork, the node matching

network, and output load, and new valug%", Z>", and Z35" for the main and both

peak amplifier devices impedance levels are detexchjFigure 93 block (v)].

Sincev,,, |, Z,,, and I, are known on the device side of the main output

matching network and the S-paramet&é?] of the network are known as weV,,, ,

l,w+ Z.uw, and I, can be calculated on the node side of networkhen rhanner

>3 Note that prime denotes complex conjugation
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detailed below. The relation betweé&y and Tl ,, is derived from the definition of the

S-parameters (Figure 71) and given by

— Sll\g SgﬂlrLLM — rM - q\g
(221) M, = S_M + =< =1 - I = :
" L 1- %NZIFLLM - S.L'\g Sg/ll + S';AZ(FM - 5“1"1)
ZLLM = ZOM
1- rLLM

Using expression (143Y,,, can be expressed in terms\§f, and used to calculate, ,,
according to

SZNJI. (1+ rLLM )VM . - VLM

(222) = , Y
R S.'\;I. - (8242 + S'lwls'\znz - Sl\fzswzlj) Y - Ziim

Calculations to obtairZ ... are done to account for the combined loading efiec
the main combining node due to the off-state impeda of the two peak devices
transformed through their respective peak matchietworks and the common peak
matching network. From the first peak device sttie, off-state impedancg, .. of the
first peak device is transformed infg .- at the load side of the first peak matching

network as follows

PLQPY,
(223) r - Lowoer ~ Lo . r —gPl, 250 porr |
PIOFF ~ +7 LP1OFF 2 ST '
P1OFF 0 ST piorr
7 _ > 14T piorr
LPIOFF —

0
1-T piore

From the second peak device side, the off-stateedapceZ,,... of the second peak

device is transformed intd ., at the load side of the second peak matching nm&two

as follows:
- - ~ Looorr — Ly r —gP?2 > SioT b oo
( ) P20OFF — 7 +7 ) LP20OFF — “~22 1- P2r ’
P20FF 0 1! P2OFF
1+ rLPZOFF
ZLPZOFF =Ly ————

0
1-T ooore
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From the device side of the common peak network,dbmbined off-state impedance

Z.o= » Which is a parallel combination oZ ... and Z ., given by (225), is

transformed intaZ, .- loading the main branch given by(226

(225) 7 _ ZiporrZipoorr r _Zoorr ~ %, .
POFF ’ POFF —,
Zipiorr T Lipoore Zooer T2,
and
P S_F;szr POFF 1+7
(226) Uiporr =Spt—gp Z oope = Zy——FFF
1- S.lr POFF 1-r LPOFF

The main branch load impedandg,, is expressed in terms & ,,, and Z ... , where
Z,, v is given by a parallel connection & ,, and Z, .- . The main branch load current
I v entering the combining node is derived from therent | ,, entering the current

divider formed byZ,,, andZ .. as follows

(227) Z,, = ZiwLioe . - Z pore ~ Ziim |

ILM

' LLM
ZLOFF - ZLLM ZLPOFF

For the first peak branch going from the peakicketoward the combining node,

calculations for converting the peak device impe#az),, into the corresponding voltage

reflection coefficient ,,, and vice versa, are given by

1+ rpl _h
1_rPl IPl

— ZPl_ZO

— i%
_|ZPl|e o = ZP1+ZO

(228) Z,, =2,

The complex powes,, of the first peak device has a real pByt that is known from the
load-pull data and an imaginary p&t, that is unknown. However$,, is also given by

2
Ve

in which the impedanc&,, is known from the load-pull data. Known values of
P1

P., and Z,, allow for the calculation o¥,, and I, =¥, which are used in the circuit
P1

analysis of output combining network.
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As such, the complex powe,, of the peak device is given by

—|VP1| —||P1| P1 _ VP1|I’91
(229) S, =R+ )0, = 27" 5 5

The first peak device voltagé,,is calculated from the known first peak device powe
P,, and first peak device impedan&, (complex powerS,, is fully determined by

known B, and Z,,) as follows

2 PPl

Re{Z,,}

Since V,,, |, Z,, and ', are known on the device side of the first peakpout

(230) Vp, = V€% = |Z,|e*

matching network and the S-paramet%ﬂ’ 1} of the network are knowny,,, |,

Z,,,andl . can be calculated on the node side of the firak peetwork by using the

expressions (231), (232), (233). The manner in white first peak device expressions
are derived is similar to that used for the magmich expression derivations.

Sl lSPlr LLP1 r P1 Pll
231 I => I
( ) Pl 1 1 szlr b1 LLPl Sl 1Sp1 + Spl(r . Sii)
1+T LLP1

LPL ~ Zol_ r
LLP1

P1
(232) V. 1 (1+ rLLPl)VPl _ | _ Vip;
L = P1, gPlgPl PlcP1 LLP1
1+ (Szz S11822 S 138 2 r LLP 1 ZLLPl
Z .z Z -Z
(233) ZLPl — LLP1~LPIOFF . I oy = LP1OFF LLP1 | LLp1

ZLP10FF - ZLLPl ZLPlOFF
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For the second peak branch going from the peakicéetoward the peak

combining node, the calculations for converting pleak device impedancg,, into the
peak voltage reflection coefficiemmt,,, and vice versa, are given by

1+rP2 :\h:|zpz|ej¢lpz rP2 :—ZPZ_ZO

234 Z.,=2
(234) R T U Zoy + 2,

The complex powesS,, of the second peak device has a real pastthat is known from

the load-pull data and an imaginary p@g, that is unknown. HowevesS,, is also given
2

by Vo2l
Y 2Z;

P2

in which the impedancé,, is known from the load-pull data. Known values

‘ <

of B,, and Z,, allow for the calculation o#/,, and I, =—F%, which are used in the
P2

N

circuit analysis of output combining network. AscButhe complex powes,, of the

second peak device is given by

2 2
S 0 o’ Zos _ V!
235 =P..+ = I\/P2| = | P2 P2 _ Vpalp2
( ) 2 P2 J P2 22',)2 2 2

The second peak device voltayg,is calculated from the known second peak device

power P,, and the second peak device impedaZge (complex powerS,, is fully

determined by knowr®,, and Z,,,) as follows.

(236) V,, = |\/P2|e""4°2 = i|2p2| NS

Re{Zp.)
SinceV,,, I.,, Z,,, and ', are known on the device side of the second pe#bubu

matching network and the S-paramete&™ | of the network,Vp,, I p,, Zp,, and

I, can be calculated on the peak node side of theonketby using the expressions

(237), (238), which result from circuit analysishel manner in which the second peak
device expressions are derived is similar to thetdufor the main branch expression

derivations.

209



_ P2
rPZ 1

P2gP2
2 S21rLP2.

(237) M., =S72+ S = r
" b1 P22r|_|92 w2~ SH ZSPZ 8222( P2 Silz)
+
Zioy =2, 1 rLPz
“1-T LP2
P2

(238) VLP2 = P2 P; (1+P2FLE§)VP|29 p 2 : ILP2 = VLPZ
1+§; _(Szz "'811822_8122S Zl)rLP 2 Zip,

The device side impedancg, and voltageV, of the common peak matching
network are calculated from the known load sideadgncesZ ,,, Z,,, and currents

| p: 1, from the first and the second peak branches &snfsi

ZieLipy . r = Zp =24,
P

(239) Z, = ; ;
ZLPl + ZLP2 ZP + ZO

Ve :(ILP1+ lLPZ)ZP

From the knowrV,, Z,, andl", on the device side of the common peak output nragch
network and the S-paramete[r§'°] of the network,V,,, 1., Z,, and I, can be

calculated on the main node side of the networkusing the expressions below. The
manner in which the common peak device expressiomslerived is similar to that used

for the main branch expression derivations.

P —
(240) 811 3_2821 P M= . M _ S.Ll -
1- Szz LP S12821'*'822(r _S])

S;l(l-'-rLP)VP
1+ 8, - (S5, + S5~ S58%)T

<

P

(241) V, = | o

N

LP

The Z,, calculation is the result of an impedance tramsédion through the node

e

network with known S-parameters.

ZL _ ZO . Si S.LZS(Z:l . Z Z 1+ rnode
1 0

242 M= , noe node —
(242) LT 7 52, i 1-S5r, "0 T
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The new main and common peak branch load impedang, , Z,,,,, and Z,
are calculated using the newly calculated main déoim@ node voltage/ and currents

I | asfollows

\% \Y
(243) V:(ILM +|LP)Znode; Ziy :I_; ZLP:I_
LM Lp
- Ziwlipore . r - Ziw — 4.
LLM ' LLM ;
Ziw * ZLipore VATV AY

The new main and common peak device side impedadgesand Z, are calculated
based on the new main and common peak branch fopddancesZ ,, and Z , by

transforming these impedances through the main camdmon peak output matching
networks back to the main and common peak devite t&i obtain the new device-side

impedances,, and Z,,, respectively.

M QM
+
(244) ry, =S +—SlzsﬁﬂlrLLM ; Z,, :201 M
1-S;M 1-r,
Zip =2 oS 1+T
(245) LP:M; rp:SiPl"‘ S '231 LP . Z,=2, P
ZptZ, 1-S,I; 1-T,

The new first peak and second peak branch logmedancesZ ., Z,,,, and
Z ., are calculated using the newly calculated mainenaaltageV, and currentd ., ,

I 5, as follows:

(246) Ve = (ILPl +1 LP2) Z,

(247) Zp=Ye . 7 = ZZLmZ& .

I LP1

_ ZLLPl B Zo

! LLP1 —
LP1 + ZLPlOFF ZLLPl + ZO
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The new first peak and second peak device sidedamesZ,, and Z,, are calculated
based on the new first peak and second peak btaadnimpedanceg, ,, andZ, by

transforming these impedances through the firstkpaad the second peak output
matching networks back to the first peak and secqoeak device side to obtain new

device-side impedances,, and Z,,,, respectively.

P2’

PlaPl
+
(248) rPl 1 % Sﬁr HEL ZPl = Zoﬁ
1 S&erLpl 1_rPl
(249) Z;,= Ve ; e = Ziea = Lo
Y Zp,t 2,
SfLZS2PerLPz _- 1+0;,
e, = 1 1 r ) Zy, =2, 1-1
LP2 P2

It is next determined whether the new main arek@enplifier devices impedance

levels ", Z5", and Z73" sufficiently match the corresponding previous icgece
levels Z,,, Z,,, and Z,, [Figure 93 block (vi)]. This is done by determigiwhether the

corresponding values are equal to within a spetifieeshold level. If the different pairs
of impedance levels do not all agree sufficientlysely, it means that the inner loop is
not yet complete and processing continues to tlestep [Figure 93 block (vii)], where

the main and peak amplifier device impedance lexgls Z,,, and Z,, are updated to

be equal to the new valued;", ZZ", and Z35" determined in the previous step.

Processing then iterates using the updated impedanels. If it is determined that the
different pairs of impedance levels do in fact mightly well, then the inner loop is

complete for the current input power leve), and processing continues to determine

whether the numbeN,. of remaining steps is greater than zero [Figur@I®8k (viii)].

If the number of steps is greater than zero, thenouter loop is not yet complete, and
processing continues to the next step [Figure 88ko(ix)], where the number of steps,
and the main and peak branch input power leveésdacremented for the next iteration

of the outer loop. Processing then returns to repeps of the inner loop (Figure 93
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blocks (iii) through (vi)) for the new outer-looperation. If it is determined that the

number of stepsN has reached zero, then the analysis algorithnomspéete and

steps
processing terminates. For every instance of tmerifoop convergence the output
power, gain, efficiency, compression, and otheevaht performance parameters of the
two-way Doherty amplifier and its constituent deasc are calculated from the
interpolated device load-pull data, and calculatadents and voltages in the passive
portion of the network. The results are tabulated @an be readily displayed.

Note that Doherty amplifiers designed using desigchniqgue summarized in
Figure 77 can be analyzed using the analysis tgaenof Figure 93 and/or using any
other suitable analysis technique. Similarly, thalgsis technique can be used to analyze
Doherty amplifiers designed using any other suéat#sign technique. Although design
techniqgue and analysis technique have been dedciibehe context of three-way
Doherty amplifiers, in general those techniques banextended to apply th-way
Doherty amplifiers having a main amplifier branciddN-1) peak amplifier branches.

Although the analysis technique has been destiilb¢he context of fixed input
conditioning, it can be applied to other impleméiotes, such as static adjustable input
conditioning and dynamic input conditioning. Statjustable input conditioning implies
that the amplitude ratio of the input signals, ameir phase relationship, are adjusted for
one power level at a frequency of interest. The nae specify a change of input settings
with frequency. Dynamic adjustable input conditrapimplies that the amplitude ratio of
the input signals, and their phase relationship, specified for all power levels and
frequencies of interest. The user can specify aghaf input settings with power and
frequency. Each of the three different scenariagsits|aown set of goals and restrictions,
and they can all be addressed using the princigies calculations of Chapter 5 (for
design) and the present Chapter (for analysis m&g)o
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6.6 Conclusions

Analysis procedures for fixed input power two-waayd three-way (extendable to
N-way) Doherty amplifiers as well as two-way digiEoherty amplifier based on active
device load-pull data and known S-parameters ofntiaching networks with in the
Doherty amplifier topology are presented. Thesaibee analysis procedures allow us to
obtain the performance parameters of the Doherfylifiers such as output power, gain,
gain linearity, efficiency, device compression lsyebranch phase alignment, spectral
performance, etc. The analysis procedures presemteel are complementary to the
synthesis techniques presented in Chapter 5 iprbeess of Doherty amplifier design.
They are formulated to handle the load impedancéutation and active device off-state
conditions that are specific for Doherty amplifeachitecture.

The circuit analysis yields both input/output povegreep response as well as amplifier
frequency response thus providing the designer adthquate amount of information to
assess the amplifier's performance with a high ekegf certainty without necessity of

building physical prototypes. The performance & #mplifier excited by pulsed-CW or

modulated RF signals can be assessed.

Standard circuit simulators rely on active devioedels that may not be available
immediately when new devices enter the productimh thus the designer may not have
the ability to use commercial simulators to verthe amplifiers performance. Also
models may not be as accurate and they do not serdgseflect the device performance
variation due to production process variability @rhis important in yield analysis (some

model parameters may be available for yield anglgsat not always).
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Chapter 7

7 General conclusions

7.1 Summary of the Contributions of the Thesis

The principal contributions of this thesis are asdllows:

Compact versions of N-way Doherty amplifiers haeeiintroduced for the first
time. Although this new idea is based on non-eiplise of impedance inverters
and offset lines to form the output sections ofdhplifier branches, it is more
than this. It allows one to achieve the best impedanodulation through
optimization process rather than preconceived netaf what the constituent
parts (namely inverters and offset lines) must seply do before being
cascaded. This has been demonstrated both in siorudnd experimentally in

Chapter 4 for compact two-way and three-way Dohantplifiers.

There are many ways to extend the two-way Dohertplidier configuration into
an N-way Doherty architecture, until now insuffici@ttention appears to have
been paid to determining which is the best oneaag the resulting performance
is concerned. We have shown through analysis irpt&hd which configuration

is the superior to all others.

A greatly improved design procedure for N-way Dapamplifiers has been
developed. It is novel in the sense that it usesrate characterization of the
constituent active devices using vector load-pw@hsurements, provides a
consistent set of design requirements, generapessentative S-parameter
models for all functional blocks of the amplifiecchitecture subject to
performance specification and Doherty architectatated constraints, and allows
designer to focus on the architecture performamtenazation (amplifier can be
designed literally by a few clicks of a mouse). ©tlee amplifier has been
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optimized through a number of quick design itemragiconly then the designer

proceeds to implement the actual amplifier circuit.

* An accompanying new N-way Doherty analysis techaitiiat allows for
complete performance analysis of N-way Doherty afireps (‘complete’ being the
key word) has been presented. It uses active déxéckpull data and S-
parameters representation of the passive pareddittplifier network to simulate
the performance of the amplifier without the nesdhiplement circuitry. This
allows the designer to explore interaction of vasiparameters that influence the
performance of the amplifier and to find the besnbination that suits the

performance specifications the best.

Some of the secondary contributions of the thesigeas follows:

» Transcoupler element has been introduced, angjiigcation in Digital Doherty

amplifiers has been demonstrated.

» Use of circulators as tunable impedance inverters presented along with their

application in two-way Doherty amplifiers

7.2 Future Work

* Even though we found that fundamental load-pull s@$iciently accurate to
provide good agreement between simulated and mezhparformance of the
amplifiers designed using methods presented inthieisis, the harmonic load-pull
may be worth pursuing in the cases where the pagnce requirements are very
demanding.

* Expand analysis of Chapter 6 beyond three-way Dglaerd try to determine
practical limits for N in an N-way Doherty.
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Appendix A: A Note on Certain Circuit Analyses

[ Y (Y
[ o]
Zy Z P

Figure D.1 : Current combining node notation

In the circuit analysis in Section 3.2.2, Sectt8.2, Section 6.3, as well as Section
6.5, we perform a circuit analysis in a manner tmaght seem to ignore the phasor
properties of the currents. That this is not sdasified in this appendix.

If the currentl,, in the main branch is used as a reference it neagsisumed to be
real. We can write the current in the peak brangh Alg. In other words, the peak
branch current has some phase offgetvith respect to the main currehy, . With this
phase shown explicitiy, will be the magnitude of the peak current and s@ ireal
guantity. The voltage at the node is then

vV=(l,+1,00)2
and hence the impedance seen by the main branch is
z, =%=—IM J’I:APDC”ZL =(1+|'_;D¢sz
The impedance seen by the peak branch is

+
:I\é = lu IPD¢ZL=(1+I—MD—¢jZL
p@ l-Ug s

P

Whenl,, =1, and there is in-phase combining (thatgs; 0°) we have

PRIMECPR

IM IM

and
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In other words, the main and peak branch impedaaeeequal (and real &, is real).

Whenl,, =1, and there is out-of-phase combining# 0°) we have

and

-V _L+hbe, _
= = Z =
l-U@ I, O@

In other words the main and peak branch impedaacesomplex conjugates of each

(1+10-¢)Z, =7,

P
other (if Z, is real).

More generally, if we have, =kl,, (where0<k<1) and we have out-of-phase

combining (@# 0°) we have

Z,, =IL=M”ZL =(1+kOg)Z,
M

I M

and

szl\é :|M+|MD¢ZL:(1+1D_¢jZL
Uo  I,Ue k

So the main branch impedance will have a smallactree component of the opposite
sign to that of the peak branch impedance. If tlaénrbranch impedance is inductive the
peak branch impedance will be capacitive, and vema. But the peak branch
impedance will be more reactive than the main braimepedance in either situation,

assumingZ, is real.

We can always compensate for the phase differbpcgppropriately adjusting the
input phase of the peak device (by means of areblfiise or a phase shifter) and restore
in-phase combining of currents (to maximize powaivéred and keep impedances real).
In the analysis that is done in the section of tiiesis mentioned at the start of this
appendix the in-phase condition is assumed. Not doés this simplify the analysis, but

this condition is also a goal of the design process
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